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The eukaryotic cell is defined by compartments that allow specialization of function. This compartmental
structure generates a new concept in cell biology compared with the simpler prokaryotic cell structure,
namely the specific targeting of proteins to intracellular compartments. Protein targeting is achieved by
the action of specialized signals on proteins destined for organelles that are recognized by cognate
receptors. An understanding of the specificity of targeting signal recognition leading to import requires an
understanding of the receptor structures. Here, we focus on the structures of receptors of different import
machineries located on the outer membrane of three organelles: peroxisomes, mitochondria, and chloro-
plasts. This review provides an overview of the structural features of outer membrane import receptors
that recognize targeting signals. Finally, we briefly discuss combinatorial approaches that might aid in under-
standing the structural factors mediating receptor targeting signal recognition.Introduction
The origin of the eukaryotic cell represents an important event in
the evolution of cellular life on earth. While the nucleus defines
the eukaryotic cell, it has been proposed that the endosymbiosis
of two prokaryotic cells, one of which formed the mitochondrion,
was the trigger establishing the eukaryotic cell (Williams et al.,
2013b). This event was associated with a reduction in the size
of the mitochondrial genome through loss or transfer of its
genetic material to the nucleus (Timmis et al., 2004). Evidence
supports the proposal that mitochondria evolved from an a-pro-
teobacterial progenitor via endosymbiosis with an unknown
cell (Gray, 2012). The chloroplast, a specialized plastid, is also
believed to have originated from an endosymbiotic event
involving engulfment of an ancestral photosynthetic cyanobac-
terium by a heterotrophic host cell already containing a mito-
chondrion (Cavalier-Smith, 2000; Martin et al., 2002). Both of
these organelles contain their own DNA and are surrounded by
a double membrane. Although a similar theory of an endosymbi-
otic origin was initially proposed for peroxisomes, experimental
evidence such as the targeting of some peroxisomal membrane
proteins to the ER prior to sorting to peroxisomes suggests an
evolutionary link between the ER and peroxisomes (Gabaldo´n,
2010; Schlu¨ter et al., 2006).
A prerequisite for the transport of nuclear encoded, cytosoli-
cally synthesized proteins to their respective organelles was
the development of import machinery that specifically targets
proteins to different organelles. This specificity is achieved by
the combined action of targeting signals, protein import recep-
tors on the surface of organelles, and cytosolic chaperone fac-
tors. Notably, despite approximately 1–2 billion years (Martin
and Mentel, 2010) of evolution since the event that gave rise to
the mitochondrial endosymbiosis event, and approximately
580 million years since the event that gave rise to plastidsStructu(Cavalier-Smith, 2002), it appears that the solutions for targeting
proteins to these organelles display similarities over wide phylo-
genetic gaps.
General Outline of Protein Import into Organelles
The majority of proteins destined to mitochondria and plastids
and all peroxisomal proteins are nuclear encoded and post-
translationally directed to specific intracellular locations as
nascent polypeptide chains. It is noteworthy that while protein
import to these organelles can occur post-translationally (Neu-
pert and Herrmann, 2007), under in vivo conditions the kinetics
of import may be co-translational (Neupert, 1997). Furthermore,
for some proteins, such as yeast fumarase, it appears that tar-
geting occurs in a co-translational manner (Knox et al., 1998).
Protein sorting and translocation requires the presence of spe-
cific signals within the amino acid sequence of polypeptides
destined for targeting. These sequences enable recognition by
surface receptors located on membranes of the destined organ-
elles. Furthermore, nascent polypeptide chains are prevented
from aggregating through association with chaperones in an
ATP-dependent manner. The identification of cytosolic kinases
that regulate protein import into mitochondria in yeast is the first
report that such cytosolic factors may play a role not only in bind-
ing but also in regulation (Schmidt et al., 2011). Proteins destined
into the peroxisomes contain peroxisomal targeting signals
(PTS) and require cytosolic Hsp70 (a homolog of Escherichia
coli DnaK) and Hsp40 (a homolog of E. coli DnaJ) (Hettema
et al., 1998;Walton et al., 1994). Protein unfolding is not essential
for targeting to the peroxisomal matrix. Folded proteins can be
imported into this organelle in both monomeric and oligomeric
forms. Hsp70 is thought to stabilize the partially unfolded region
containing the PTS to make it accessible to the receptor (Subra-
mani, 1996).re 23, October 6, 2015 ª2015 Elsevier Ltd All rights reserved 1783
Figure 1. Receptors from Outer Membrane
of Peroxisomes
(Upper) Schematic representation; (lower) list of
receptors whose structures have been studied.
Asterisk indicates unpublished data.
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ReviewIn the last three decades, extensive research on organellar
import machineries has provided a wealth of information on the
various components involved in the process of protein import.
These include factors that recognize precursor proteins, play a
role in translocation across one or two membranes, remove tar-
geting signals, and assist in assembly of functional protein com-
plexes. In this review, we provide an overview of the current state
of knowledge on membrane import receptors from these organ-
elles, focusing largely on the structural details and biophysical
characterization of receptors. The review encompasses the
three major eukaryotic lineages for which data is available: ani-
mals, plants, and fungi. While experimental structural informa-
tion may be limited to one of these lineages in some instances,
the comparison across broad lineages, with differences in cell
biology, allows features to be recognized that may go unnoticed
if narrower comparisons were made. We conclude by high-
lighting the structural features of membrane receptors yet to
be elucidated.
Structural Overview of Outer Membrane Import
Receptors
Outer Membrane Receptors of Peroxisomes
Peroxisomes are highly dynamic inmorphology andmetabolism.
There are 12 peoxisomal proteins (peroxins) that comprise the1784 Structure 23, October 6, 2015 ª2015 Elsevier Ltd All rights reservedtranslocon required for the peroxisomal
matrix protein import (Figures 1 and S1).
Import involves four steps: (1) binding of
the receptor to the cargo, (2) docking of
the receptor-cargo complex onto the
peroxisomal membrane, (3) membrane
translocation of the complex, and (4)
release of the cargo and receptor recy-
cling (Brown and Baker, 2008). PTS target
cytosolically synthesized peroxisomal
matrix proteins into the organelle. Two
consensus motifs have been identified.
PTS1, which is present at the C terminus
of the majority of matrix proteins, is
considered to comprise only the C-termi-
nal tripeptide with the consensus
sequence (S/A/C)-(K/R/H)-(L/M), first
identified in firefly luciferase (Gould
et al., 1987). However, recent studies sug-
gest that this motif may vary with respect
to length and sequence and may also
differ with species (Neuberger et al.,
2003). PTS2, the second consensus
motif, comprises a nonapeptide (R/K)-(L/
V/I)-X5-(Q/H)-(L/A) located at the N termi-
nus of the protein. This differs between
species (Petriv et al., 2004). UnlikePTS1, the PTS2 peptide is cleaved from the cargo protein after
import (Tanaka et al., 2008).
Pex5p
Proteins with PTS1 and PTS2 signal sequences are recognized
by the soluble peroxisomal shuttling receptors Pex5 and Pex7,
respectively. While Pex5 is found in all organisms, Pex7 is ab-
sent in Caenorhabditis elegans, which does not utilize this tar-
geting pathway (Michels et al., 2005; Motley et al., 2000).
Pex5 comprises an N-terminal peroxisomal docking domain
(also involved in recycling the receptors after import), and a
C-terminal domain containing two sets of three tetratricopep-
tide repeats (TPR) essential for interaction with the PTS1 target-
ing signal, which is highly conserved across all species (Otera
et al., 2002). In mammals, two isoforms of Pex5 have been
identified: a short form (Pex5S) and a long form (Pex5L) with
a 37-residue insertion (Otera et al., 2000). Although both of
these forms are involved in the PTS1 import pathway, Pex5L
additionally participates in the PTS2 import pathway (Otera
et al., 2000). The crystal structure of the C-terminal domain of
human Pex5 (HsPex5) in complex with a PTS1 model penta-
peptide (YQSKL) (PDB: 1FCH) (Gatto et al., 2000) revealed
two TPR motif triplets (1–3 and 5–7) hinged by a portion of
TPR motif 4, thus forming a ring-like arrangement with a groove
in the center to accommodate the peptide (Figure 2A). The
Figure 2. Cartoon Representations of
Different Peroxisomal Receptors in Apo or
Complex Form Available to Date
(A) Crystal structure of HsPex5 bound to PTS1
containing peptide (PDB: 1FCH). The peptide is
shown as green sticks. TPRs 1–3 of HsPEX5 are
shown in green and TPRs 5–7 are shown in
magenta. Important asparagine residues of the
protein that interact with the peptide are shown as
sticks. Other secondary structural elements of the
protein are shown in wheat color.
(B) Crystal structure of HsPex5 complexed with
sterol carrier protein 2 containing PTS1 sequence
(AKL) (PDB: 2C0L). TPRs 1–3 are shown in green
and TPRs 5–7 are shown in magenta. The 7C loop
is shown in red. Sterol carrier protein is shown in
green and the PTS1 sequence (AKL) is shown in
stick model. Asparagine residues from the TPR
interacting with the PTS1 sequence are shown as
sticks.
(C) Crystal structure of PTS2 from Fox3p bound to
receptor complex of ScPex7 and C-terminal
domain of ScPex21 (PDB: 3W15). Pex21 and PTS2
are shown in magenta and cyan, respectively. The
special N-terminal region, which exhibits low sim-
ilarity with other WD40 motifs (blue) containing the
bulge loop (red) and WD40 motifs (green) of Pex7,
is shown. The residues forming the acidic patch
are shown as sticks (yellow).
(D) Crystal structure of N-terminal domain of Pex14
from Rattus (PDB: 3FF5). All the helices are labeled
and two putative Pex5p binding sites are shown,
surrounded by positively charged residues (blue)
and the phenylalanine residues (pink). Site 1 is
surrounded by F35 and R40, whereas site 2 is
surrounded by K34, F52, K55, and K56.
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(Asn378, Asn489, Asn497, Asn524, and Asn531). Mutation of
Asn489 to Lys abolishes PTS1 import but does not affect
PTS2 import, suggesting specificity to different targeting se-
quences is rendered through asparagine residues. Further un-
derstanding of the conformation of the receptor upon binding
to a complete cargo was obtained from the crystal structure
of the HsPex5C_TPR domain in complex with sterol carrier pro-
tein 2 containing the C-terminal PTS1 sequence, AKL (PDB:
2C0L) (Stanley et al., 2006). The structure shows interactions
of the ligand with four conserved asparagines (Asn415, Asn526,
Asn534, and Asn561) (Figure 2B). Comparisons between the
bound and unbound structures of peptide revealed a transition
from an open, ‘‘snail’’-like conformation to a closed, circular
conformation in the peptide-bound form. Release of the pep-
tide results in an opening of the circular structure, aided by a
loop located at the C-terminal TPR (called the 7C loop). Confor-
mational changes within the sterol carrier protein cause disas-
sembly of the C-terminal PTS1 from the receptor. The alanine
residue of the PTS1 prevents formation of a hydrogen bonding
network, and the residues of SCP2 preceding to this motif
make van der Waals contacts with the receptor. Furthermore,
the crystal structures of the C-terminal domain of Pex5 from
Trypanosoma brucei with different PTS1 peptides, namely
PDB: 3CV0, 3CVL, 3CVN, 3CVP, and 3CVQ (Sampathkumar
et al., 2008), show structural conservation of residues interact-
ing with the PTS1 backbone, whereas those residues not
involved in ligand interaction lack conservation. These crystalStructustructures reveal that the interaction of asparagine side chains
with the PTS1 backbone and the presence of a small residue
such as serine or alanine at the third position of PTS1 are
involved in water-mediated interaction with Pex5. It has been
suggested that the residue at this position can have a regula-
tory role. High-resolution structural studies of peroxisomal
enzyme alanine-glyoxylate aminotransferase containing PTS1
at its C terminus bound to Pex5C have revealed that the
Pex5C receptor has the propensity to undergo conformational
changes, as noted by a decrease in the volume of the PTS1
binding cavity while interacting with cargo with increasing bind-
ing affinities (PDB: 4KYO) (Fodor et al., 2015). A lysine residue is
found at the 3 position of PTS1, and a mutation to alanine led
to a 10-fold increase in affinity. The removal of the bulky side
chain of lysine at this position allowed a 1.5-A˚ shift of Asn534
from Pex5 toward the PTS1 side chain. This provides evidence
showing how the removal of ligand sequence specificity could
lead to gain in function by ligand-mediated conformational
adaptation of the receptor. It is speculated that this fine-tuning
of cargo binding by Pex5 receptor could have evolved to
optimize binding and release in response to functional
requirements.
Pex7p
Arabidopsis thaliana contains 60 proteins, which utilize the PTS2
targeting pathway, whereas none are found in C. elegans; in
Saccharomyces cerevisiae, this pathway is maintained solely
for the import of 3-ketoacyl thiolase. The crystal structures of
two PTS2 containing aldolases from Leishmania mexicana andre 23, October 6, 2015 ª2015 Elsevier Ltd All rights reserved 1785
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ReviewT. brucei (Chudzik et al., 2000) reveal how PTS2 monomers
interact with each other to form a PTS2 dimer, and suggest the
possibility that the Pex7 receptor may be dimeric. Evidence sug-
gests that the PTS2 pathway in plants aids the import of hetero-
multimeric complexes (Flynn et al., 1998). Pex7 does not interact
directly with the membrane, and requires accessory proteins or
co-receptors such as Pex18p and Pex21p in S. cerevisiae (Pur-
due et al., 1998), Pex20p in Hansenula polymorpha (Otzen et al.,
2005), Pex5 in A. thaliana (Nito et al., 2002), and Pex5L isoforms
in mammals (Einwachter et al., 2001). Sequence alignment of the
co-receptors indicate a common di-aromatic W-X3-F/Y docking
motif, found in single or multiple occurrences, denoting evolu-
tionary conservation of this functional element (Einwachter
et al., 2001). Pex7 is predicted to belong to the b-transducin-
related (WD40) protein family, which contains a distinct N termi-
nus that has low sequence similarity to other WD40 motifs but
can assumeWD40-like fold (Pan et al., 2013) and a seven-bladed
b-propeller with six WD repeats, which is a motif that has been
identified in proteins with diverse functions. This motif begins
with Gly-His and ends with Trp-Asp (WD). The N- and C-terminal
ends are separated by 27 mostly hydrophobic residues, which
are conserved and cause the core to fold into three b strands
separated by turns (Zhang and Lazarow, 1996). The heterotri-
meric crystal structure of PTS2 bound to the Pex7p-Pex21p
receptor complex from yeast (PDB: 3W15) (Pan et al., 2013) re-
vealed the spatial organization of this complex. Pex7p com-
plexes with the C terminus of Pex21p (residues 190–288) also
termed as Pex21pC, with the help of its hydrophobic bulge
loop and the acidic patch at the side of the loop; both are located
on the top surface of Pex7p (Figure 2C). The bound PTS2 in the
structure, which belongs to the N terminus of Fox3p (also termed
Fox3pN), forms an amphipathic a helix and is incorporated in a
large cleft with two minor grooves for accepting the side chains
of the helix. Binary complexes of Pex7p-Fox3pN, Pex7p-
Pex21pC, or Pex21pC-Fox3pN were unstable due to the expo-
sure of this hydrophobic surface. Electrostatic interactions
between Pex7p and either Pex21pC or Fox3pN are observed
on either side of the hydrophobic core; these, along with the hy-
drophobic interactions effect, stabilize the complex.
Pex13p and Pex14p
The cargo-receptor complex formed using the PTS1/PTS2
pathway is docked at the peroxisomal membrane to peroxisomal
membrane proteins (PMPs), namely Pex13p and Pex14p
(PEX17p in yeast), representing a pathway convergence (Raya-
puram and Subramani, 2006). Pex13p is a PMP with both the
N and C termini exposed to the cytosol; pull-down assays using
glutathione S-transferase (GST) show that 100 residues at the N
terminus act as a binding domain for Pex5p and Pex7p in mam-
mals (Otera et al., 2002) and Arabidopsis (Mano et al., 2006), and
the C-terminal SH3 domain in yeast (Bottger et al., 2000) exhibits
similar binding. The crystal structure of SH3 domain of ScPex13
complexed with a peptide from Pex14p has been reported (PDB:
2V1R), although the details are yet to be published. The solution
structure of SH3 domain of Pex13 of S. cerevisiae has been re-
ported (PDB: 1NM7) (Pires et al., 2003). It has been observed
that two distinct ligand binding site are available that interact
with a peptide representing the binding region of Pex5p and
SH3 ligand motif of Pex14p, respectively. Furthermore, the
Pex5p binding region adopts an a-helical conformation, and1786 Structure 23, October 6, 2015 ª2015 Elsevier Ltd All rights resebinding of Pex5p and Pex14p to Pex13p are independent
(Douangamath et al., 2002).
Pex14p was the first of these receptor proteins shown to
interact with both Pex5p and Pex7p. In fungal systems the re-
ceptors involved in both the PTS1 and PTS2 pathways dock to
the membrane independently. In contrast, in plant and mamma-
lian systems Pex5p first binds to Pex7p and this complex then
interacts with Pex14p, thus the two pathways converge (Braver-
man et al., 1998; Woodward and Bartel, 2005). Studies suggest
that PTS1 cargo-loaded Pex5p interacts with Pex14p oligomers,
which are also bound to Pex13p to form a large heterooligomeric
complex. Once the cargo has been released, Pex5p initiates
dissociation of Pex14p-Pex13p complexes by disassembling
oligomers of Pex14p (Itoh and Fujiki, 2006). The N terminus of
Pex14p is chemically/proteolytically protected and is known to
interact with the di-aromatic docking motif of Pex5 (Otera
et al., 2002). Yeast Pex14p has two Pex5p binding sites, one at
each terminus: 50 residues at the N terminus and 58 residues
at C terminus, which overlap with the Pex7p binding region (Aze-
vedo and Schliebs, 2006). Pex14p can form homooligomers with
the help of a conserved coiled-coil motif (residues 140–278 in
mammalian Pex14p) and binds to Pex5p with a stoichiometry
of 5–6:1 for Pex14/Pex5p (Gouveia et al., 2000; Shiozawa
et al., 2009). The crystal structure of the N-terminal conserved
domain (residues 25–70) of mammalian Pex14 reveals a three
a-helix bundle with a conserved hydrophobic surface containing
two pockets from the side chains of Phe35 and Phe52, and some
positively charged residues (PDB: 3FF5) (Su et al., 2009). The a1
and a2 helices are joined by a short 310 helix and are arranged in
an antiparallel orientation; the third a helix packs against these
two antiparallel helices (Figure 2D). Alanine mutations of either
of the two phenylalanines result in a loss of interaction between
Pex5p and Pex14. The W-X3-F/Y motif of Pex5p, which is
speculated to adopt a helical conformation on interaction with
its partners, is thought to be recognized by these pockets. A
small-angle X-ray scattering (SAXS) study of the HsPex5-
Pex14-PTS1 multimeric complex showed that the complex re-
tained an elongated shape, as Pex5p with minor conformational
changes and the extended N terminus could interact with other
molecules, including lipids or membrane proteins, as part of
the import process (Shiozawa et al., 2009). Furthermore, sin-
gle-particle electron microscopy (EM) (Moscicka et al., 2007) of
Hansenula Pex5p revealed a tetramer at pH 7 and a conforma-
tional transition from a closed to an open form upon interaction
with Pex20p.
Pex19p
Pex19p is a cytosolic peroxin, which serves as a receptor and
chaperone for newly synthesized PMPs and recognizes peroxi-
somal membrane targeting signals (mPTS) (Sacksteder et al.,
2000). The crystal structure of the folded C terminus of Pex19p
containing residues 161–273 (PDB: 2WL8) (Schueller et al.,
2010) showed that this region was made up of a three-helix
bundle (a2–4) with an exposed N-terminal a1 helix. There were
four protomers in the asymmetric unit, although no evidence of
oligomerization was observed in solution. The hydrophobic
face of the a1 helix is oriented toward the three-helix bundle
(Figure 3A). The N-terminal region is flexible, but contributes to
PMP recognition and is sufficient for binding to Pex3p (Matsu-
zono et al., 2006). The C-terminal CAAX motif (A denotesrved
Figure 3. Cartoon Representations of
Different Peroxisomal Receptors in Apo or
Complex Form Available to Date
(A) Crystal structure of C-terminal domain of
HsPex19p (PDB: 2WL8). The helices are labeled,
and the side chains of polar residues (blue)
and hydrophobic residues (magenta) that are
conserved are shown. The exposure of hydropho-
bic surface residues shown is unique, and suggests
a plausible functional role.
(B) Crystal structure of a complex of HsPex3p
and HsPex19p peptide (PDB: 3AJB). The residue
W104 divides the cavity into two halves; one half
provides complementary surface for leucine triad
(L18, L21, and L22) from the Pex19p peptide, and
the other half for the side chain of F29. The resi-
dues of the protein (blue) forming the cavity and
that of the peptide (cyan) are shown as sticks.
(C) Structure of N-terminal domain of peptide
derived from HsPex14p complexed with HsPex5p
using NMR (PDB: 2W84). The residues W118 and
F122 of Pex5p (shown in magenta) interact with
residues from the Pex14p represented as green
sticks.
(D) Crystal structure of UBC domain of ScPex4p
complexed with soluble domain of ScPex22p
(PDB: 2Y9M). Residues of Pex22p (magenta) in-
teracting with Y172 of Pex4p (blue) are shown as
sticks.
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site and is important for PMP interaction (Ruckta¨schel et al.,
2009) except in yeast and mammals (Vastiau et al., 2006).
Pex19p has two binding sites for Pex3p; the N-terminal site
has stronger affinity and the second site, near the PMP binding
site, exhibits weaker affinity. The crystal structures of HsPEX3p
complexed with the N-terminal 44 residues of PEX19p (PDB:
3MK4 and 3AJB) reveal highly specific interactions due to
complementarity of hydrophobic and solvent-inaccessible sur-
faces (Sato et al., 2010; Schmidt et al., 2010). Pex3p has a cen-
tral helix, which runs along the major axis and is surrounded by
five other helices. The interaction between the central and sur-
rounding helices are mainly hydrophobic, utilizing conserved
amino acid residues. The Pex19p peptide forms an a helix situ-
ated obliquely to the central helix, and interaction between the
former and Pex3p mainly involves van der Waals and/or hydro-
phobic contacts (Figure 3B).
The nuclear magnetic resonance (NMR) solution structure of
the N-terminal end of Pex14p (residues 16–80) with Pex5p (res-
idues 108–127) and Pex19p (residues 66–77) (PDB: 2W84 and
2W85, respectively) (Neufeld et al., 2009) indicates that both of
the ligands adopt an amphipathic a-helical conformation and
bind to the same hydrophobic groove formed by the a1 and a2
helices of Pex14p (Figure 3C). The binding site is flanked by
highly positively charged surface residues on Pex14p (Arg25,
Lys34, Arg40, Lys55, and Lys56) and negatively charged patches
formed by Asp111, Glu116, and Glu121 in Pex5p and Glu73 in
Pex19. Thus, charge complementarity is important for this inter-
action. However, both ligands bind in slightly different orienta-
tions. The interactions involve the W-X3-F/Y motif of Pex5p in
the case of Pex14p-Pex5p complex and the F/YF-X3-F motif of
Pex19p in the case of Pex14-Pex19 complex.StructuPex Proteins Involved in Receptor Recycling
Following import of the cargo, the receptors are recycled back to
the cytosol in an ATP-driven process. Export of Pex5p to the
cytosol requires the action of three RING finger peroxins:
Pex2p, Pex10p, and Pex12p. The RING domain of yeast
Pex10p acts as an E3 ligase for ubiquitination of Pex5p (Williams
et al., 2008). Additionally the ubiquitin-conjugating (E2) enzyme,
Pex4p, its membrane anchor, Pex22p (amembrane protein), and
ATPases, Pex1p and Pex6p, which are tethered to the mem-
brane by Pex15p in yeast or Pex26 in mammals, are also
involved (Kiel et al., 2005). Mammalian Pex5p, lacking the first
17 or 110 residues, displays import properties; however, the re-
cycling activity is attenuated. These observations indicate the
involvement of the N terminus in recycling (Costa-Rodrigues
et al., 2004). Mammals lack a Pex4p-Pex22p complex and the
ubiquitination is carried out by the cytosolic E2D1/2/3 family,
the counterpart of yeast Pex4p (Grou et al., 2008). Pex2p is an
integral membrane protein with the N and C termini exposed to
the cytosol, and is apparently dimeric as determined by express-
ing epitope-tagged protein from Rattus in COS-7 cell lines (Har-
ano et al., 1999). The crystal structure of the complex of Pex4p
(residues 15–183) and Pex22p (residues 54–180) (PDB: 2Y9M)
(Williams et al., 2011) reveals a ubiquitin-conjugating fold
(UBC) for Pex4p while Pex22p forms a novel aba fold composed
of a five-stranded parallel b sheet sandwiched by eight helices,
where each b strand is linked to two a helices on either side.
The structure exhibits low homology to proteins with Rossmann
fold. The homology was specifically confined to the b-sheet re-
gion and demonstrated an overall low Q score in PDBeFOLD
similarity search. The interaction displays high binding affinity
(Figure 3D) and interfacial residues with high conservation
among Pex4p sequences. Furthermore, a mutation of there 23, October 6, 2015 ª2015 Elsevier Ltd All rights reserved 1787
Figure 4. Receptors from Outer Membrane
of Mitochondria
(Upper) Schematic representation; the panel on
the right shows the occurrence of the receptors in
yeast, human, and plants. (Lower) List of receptors
whose structures have been studied.
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Reviewinterfacial residue, Tyr172 to alanine, abolished the binding. Asso-
ciation with Pex22p is necessary for Pex4p tomodify Pex5p (Wil-
liams et al., 2011). The presence of Cys105 provides a variation on
the highly conserved His-Pro-Asn motif found in E2 enzymes.
Thus an unusual disulfide bond was detected between Cys105
and Cys146 of Pex4p in the crystal structure (PDB: 4BWF) (Wil-
liams et al., 2013a), which helps the structure to allow an open
conformation of the active site. Disruption of the disulfide bond
causes an increase in flexibility of the former loop restricting ac-
cess of substrate/ubiquitin to the active site cysteine, thus
affecting the ability of the enzyme to transfer ubiquitin to the sub-
strate.
Pex15p, Pex6p, and Pex1p
Pex15p is an integral membrane protein with the N terminus fac-
ing the cytosol. The binding of Pex15p with Pex6p is dependent
on the AAA cassettes (ATPases associated with a wide range of
cellular activities) of the latter, which contain the Walker A and B
motif for ATP binding and hydrolysis, respectively (Birschmann
et al., 2003). Pex6p contains two AAA cassettes, D1 (residues
421–716) and D2 (residues 704–1,030). ATP binding to D1 pro-
motes Pex6p-Pex15p interaction while ATP hydrolysis by D2
favors disruption of the complex. It has been reported, using
epistasis analysis, that Pex6p and/or Pex1 (containing the AAA
cassette) may be involved in the final steps of import of peroxi-
somal matrix proteins (Birschmann et al., 2003; Collins et al.,
2000). Oligomerization of Pex1p and Pex6p involves the AAA
cassettes (Birschmann et al., 2005). Human Pex1p interaction
with Pex6p requires the binding of ATP to both the D1 andD2 do-
mains, suggesting a conformational change associated with the
interactions between these two peroxisomal proteins (Birsch-1788 Structure 23, October 6, 2015 ª2015 Elsevier Ltd All rights reservedmann et al., 2005); however, the same
interaction in yeast involves no ATP hy-
drolysis in the D2 domain of Pex1p (Fujiki
et al., 2012). The crystal structure of the
N-terminal AAA-ATPase domain (resi-
dues 3–180) of mouse Pex1p (PDB:
1WLF) (Shiozawa et al., 2004) suggests
the presence of two globular subdo-
mains: an N-terminal double-c-barrel
fold, where two symmetrically interleaved
bbab elements give rise to a pseudo-
knotted structure resembling the letter c,
and a C-terminal b barrel. The two do-
mains are connected by a linker contain-
ing four to five residues and a shallow
groove between the two lobes that can
form a putative substrate binding site.
The C-terminal tail-anchored Pex26p
localizes the Pex1p-Pex6p complexes to
the peroxisome, where the latter undergo
conformational changes upon ATP bind-ing (Nashiro et al., 2011). A homolog of mammalian Pex26, iden-
tified in Arabidopsis, is APEM9 (Goto et al., 2011), although its
structural details are not available.
Outer Membrane Receptors of Mitochondria
The translocon of the outer membrane of mitochondria (TOM)
recognizes and translocates preproteins synthesized on the
cytosolic ribosomes into or across themitochondrial outer mem-
brane, and forms a 450-kDa multi-subunit complex in yeast
(Becker et al., 2008). It is composed of seven subunits: Tom70
(Tom71), Tom40, Tom22, Tom20, Tom7, Tom6, and Tom5 (Fig-
ures 4 and S2). Tom70 acts as a preprotein receptor and co-
chaperone that cooperates with Hsp70-Hsp90, aiding in import.
While Hsp90 functions in Tom70-dependent import in mammals,
Hsp70 aids import in both yeast and mammals (Young et al.,
2003).
Tom70
Yeast Tom70 has an N-terminal transmembrane domain
anchored to the outer mitochondrial membrane, and a large
cytosolic exposed domain. The 3.0-A˚ resolution crystal struc-
ture of the cytosolic domain from yeast Tom70 (PDB: 2GW1) en-
compassing residues 39–617 suggests that the recombinant
protein is a dimer with two domains comprising a total of 11
TPR motifs (with a total of 26 a helices) in each monomer (Wu
and Sha, 2006). TPR domains are composed of a canonical
arrangement of antiparallel a helices connected by loops, and
are mediators of protein-protein interactions. The dimerization
interface is formed by helices 6, 7, 25, and 26, and is stabilized
by hydrophobic and van der Waals interactions. The first three
TPR motifs, present in the N-terminal domain, are thought to
be involved in recognition of Hsp70 through interaction with
Figure 5. Cartoon Representations of
Different Outer Mitochondrial Membrane
Receptors in Apo or Complex Form
Available to Date
(A) Crystal structure of Tom70 from yeast (2GW1).
The N-terminal domain (yellow) is predicted to bind
to C-terminal of Hsp70, and the C-terminal domain
is shown in green. The structure shows a closed
conformation.
(B) Crystal structure of yeast Tom71 (PDB: 3FP3).
The N-terminal TPR domain (yellow) encompasses
the Hsp binding pocket and the C-terminal region
(cyan) comprises the preprotein binding pocket.
(C) Structure of Tom20 in complex with the pre-
sequence of aldehyde dehydrogenase from Rattus
obtained by NMR (PDB: 1OM2). The residues
(cyan) of Tom20 forming the hydrophobic groove
for interaction of the residues of the presequence
(pink) are shown.
(D) Crystal structure of ALDH presequence teth-
ered to Tom20 from Rattus (PDB: 2V1T). The res-
idues forming the hydrophobic groove are shown
in cyan, peptide residues interacting with this
groove are shown in pink, and the cysteine resi-
dues involved in tethering are shown.
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conserved region within the C-terminal domain contains a
pocket, which is the putative mitochondrial targeting signal
binding site. The flexibility in the C-terminal domain is thought
to regulate the size of the pocket, the dimensions of which
(15 3 20 3 20 A˚) could accommodate an a helix.
Tom71 has been identified in yeast, as a paralog of Tom70
(53% sequence identity and 70% similarity), and is loosely asso-
ciated with the TOM complex. This protein plays a role in Mfb1
mitochondrial localization, which is responsible for regulation
and connectivity of mitochondrial tubules in yeast and, thus,
mitochondrial morphology (Kondo-Okamoto et al., 2008). The
crystal structure of yeast Tom71 (PDB: 3FP3), encompassing
residues 107–639, shows that the cytosolic domain comprises
28 a helices and reveals a difference in the arrangement of the
N- and C-terminal domains compared with that of Tom70 (Li
et al., 2009). The N terminus is swung away from the C terminus
to form an ‘‘open’’ state, in contrast to the yeast Tom70 where
the two domains are packed to form an elongated molecule in
a ‘‘closed’’ state (Figures 5A and 5B). The mitochondrial target-
ing signal binding pocket is exposed in the open state with an
estimated dimension of 25 3 35 3 20 A˚, and can accommo-
date peptides with secondary structure. The residues making
up this binding pocket are conserved between the Tom70/71
proteins, indicating that they share similar binding specificity
and might recognize internal targeting signals in preproteins
(Brix et al., 2000). The closed state prevents preprotein binding
by partially blocking the preprotein binding pocket (Li et al.,
2009). Furthermore, the crystal structures of the protein com-Structure 23, October 6, 2015plexed with the C-terminal fragment of
Hsp70 (Ssa1) and Hsp90 (PDB: 3FP4
and 3FP2, respectively) suggest that the
peptide ligands attain similar conforma-
tions and bind to a basic groove located
in the N-terminal domain. This interaction
locks the protein in an open state, therebyincreasing the volume of the preprotein binding pocket at the C
terminus and thus facilitating preprotein loading.
Solution SAXS studies (Mills et al., 2009) conducted on the
cytosolic domain of ScTom70 (residues 51–617) have shown
that the protein exists as an elongated monomer, contrary to
the dimer observed in the crystal structure. Based on the
SAXS studies, these authors suggest that the dimeric ‘‘closed
form’’ observed in the crystal structure was due to the misas-
signment of the chains A and B of the two domains within the
crystallographic dimer. Indeed a poorly resolved loop region
involving residues 223–249 may be key in this misinterpretation.
In addition, these studies showed that there was no change in
the solution structure upon bindingwith chaperone, nor did bind-
ing of the chaperone peptide alter the protein’s affinity for the
presequence peptide. Modeling studies suggested that chap-
erone binding was incompatible with dimer formation. Similarly,
in the case of Tom71, crystallographic data for the C terminus of
the Hsp70 bound form (PDB: 3LCA) suggested significant struc-
tural plasticity resulting from flexibility in the relative orientations
of the N- and C-terminal domains (Li et al., 2010). The flexibility
results from a small interaction surface between the two do-
mains (1,465 A˚2 or 5.7% of the total surface area of the protein).
Hence, the small interaction surface may provide increased flex-
ibility between the domains, which would enable interaction of
the protein with a broad range of precursor substrates. Tom70,
Tom71, and Tom22 are notably absent in plants (Carrie et al.,
2010). No orthologs of Tom70 are found in plants although
Tom70-like proteins have been identified in brown algae, which
constitute an N-terminal transmembrane domain and 11 TPRª2015 Elsevier Ltd All rights reserved 1789
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Reviewmotifs (Chan et al., 2006). Plant Tom9 is equivalent to Tom22
from yeast, but lacks the cytosolic domain (Macasev et al.,
2004).
Tom40
Tom40 is an integral membrane protein, and forms the key struc-
tural component of the protein-conducting channel in the outer
mitochondrial membrane. EM studies on Tom40 from Neuros-
pora crassa (Nc) suggests that the pore size of the protein is
2–3 nm in diameter (Ahting et al., 2001). The NcTom40 forms a
two-pore structure in the TOM complex; however, EM studies
suggest that both one- and two-pore forms are found in
Tom40 purified from mitochondrial membranes. It has been
observed that Tom6, Tom7, and Tom22 are important for stabil-
ity of the TOM complex. Circular dichroism (CD) and Fourier
transform infrared spectroscopy studies suggest that the sec-
ondary structure comprises 31% b-sheet, 22% a-helix, and
47% coiled conformations. Tom40 has affinity for non-native
polypeptide chains, thus preventing them from aggregation prior
to import. Electrophysiology experiments show that Tom40 ex-
hibits a voltage-dependent gating mechanism, and removal of
the small Tom proteins 6, 7, and 22weakens the channel activity.
Sequence analysis of the voltage-dependent ion channel 1
(VDAC1) from Homo sapiens and members of the Tom40 family
reveal 15%–25% identity and 40%–60% similarity, indicating an
evolutionary relationship (Zeth, 2010). A reliable homologymodel
of HsTom40 could be built based on the crystal structures of
mouse VDAC1 (PDB: 3EMN) (Ujwal et al., 2008) and human
VDAC (PDB: 2JK4) (Bayrhuber et al., 2008), resulting in a 19-
stranded b barrel. The first 77 residues in the model did not align
to that of the VDAC structure, and therefore could not be confi-
dently modeled. Contrary to the structure of VDAC, the presence
of a large number of negatively charged residues lining the
Tom40 pore and its interface to the intermembrane space
(IMS) is speculated to be due to its affinity toward positively
charged presequence peptides. Antibody-labeling studies
suggest that the N and C termini are directed toward the IMS
(Gessmann et al., 2011). Homology modeling of NcTom40 was
performed using the 2.3-A˚ resolution crystal structure of mouse
VDAC1 (PDB: 3EMN) (Ujwal et al., 2008) and suggested the pres-
ence of 19 b strands with one putative N-terminal a helix located
inside the pore, where a single residue in the helix (R49) appears
to be conserved and aligns with K12 in HsVDAC1. One putative
N-terminal a helix is located inside the pore (Gessmann et al.,
2011). The conserved residues, E45 and R49, located in the
N-terminal a helix (Gessmann et al., 2011), have been predicted
to play a role in channel gating. Conserved residues R213, S222,
S234, D248, T270, and D287 are arranged in a line crossing
through the pore from the cytosolic to the IMS face, and are pre-
dicted to function as helix anchor regions inside the Tom40 pore.
All of these residues except D287 are in contact with the internal
a helix that is predicted to move within the pore during gating
events and to stabilize the b-barrel structure. The presence of
a helix anchor region on the pore wall (constituting six polar/
charged conserved residues) and a polar slide region differenti-
ates Tom40 from VDAC. In bacterial maltoporin, a region made
up of aromatic residues, termed ‘‘greasy slide,’’ is known to be
essential for substrate binding (Meyer, 1990). A similar situation
exists in the ‘‘polar slide region’’ of Tom40, which is involved in
recognition of the polar face of the amphipathic a helices formed1790 Structure 23, October 6, 2015 ª2015 Elsevier Ltd All rights reseby the mitochondrial targeting signals. The polar slides, which
are present only in Tom40 and not in VDAC, are thought to be
involved in recognition and translocation of precursors by
providing a surface thermodynamically favoring these pro-
cesses. Purified and refolded NcTom40 adopts a b-barrel topol-
ogy as analyzed by CD studies (Gessmann et al., 2011). Further
limited proteolysis followed by MALDI-TOF and electrospray
ionization-tandem mass spectrometry analysis suggest that 8
out of 12 sites are located in the loop region, but the sites located
in the core were not accessible to the proteases (Gessmann
et al., 2011).
Tom20
Tom20 from Arabidopsis is C-terminally anchored to the mem-
brane by a single transmembrane segment, whereas a reverse
orientation is seen in fungal and mammalian counterparts (Rim-
mer et al., 2011). The functional domain of Tom20 from Rattus is
composed of two acidic regions, a Glu-rich region and a single
TPR domain. The TPR motif in Tom20 from Rattus forms a part
of the presequence binding site but does not solely define the
recognition. A region encompassing residues 51–145 was found
to be protease resistant (D50Tom20), and the NMR structure of
the complex was found to have the presequence (residues 12–
22) of aldehyde dehydrogenase (ALDH) (PDB: 1OM2) (Abe
et al., 2000). The structure shows a core structure made up of
four a helices bundled with a fifth helix loosely attached to the
core. The bound precursor forms an amphiphilic a helix, with
its hydrophobic surface interacting with a hydrophobic groove
along one surface of the helical bundle of the Tom20 receptor
(Figure 5C) mediating presequence recognition. Tethering of
the presequence with a spacer containing a cysteine incorpo-
rated at its terminus to Cys100 of Tom20 along with the removal
of the fifth helix aided crystallization of the complex (PDB: 2V1S
and 2V1T) (Figure 5D) (Saitoh et al., 2007). Reduction of the disul-
fide tether in the crystal state resulted in poor density for the pre-
sequence peptide, suggesting extensive mobility (PDB: 3AWR)
(Saitoh et al., 2011). Furthermore, the structure suggested that
the presequence conformation in the crystal was not due to
the presence of the disulfide bond or the length of the spacer,
but resulted from non-covalent interactions with the receptor
along with the residues of the spacer (PDB: 3AX2). Further crys-
tallization experiments with spacers of different lengths sug-
gested that the length is not crucial for selection of a particular
pose. Tethering can pose disadvantages by restricting the dy-
namics and facilitating artifactual structural conformations.
Hence, a ‘‘molecular stiffening’’ was undertaken whereby an
intramolecular disulfide bond was introduced into the prese-
quence, which restricts the freedom of the peptide without influ-
encing the bound states. NMR studies showed that the incorpo-
ration of two cysteines to form an intramolecular disulfide bond
increased the binding affinity by 100-fold without changing the
binding mode in solution. This complex could be crystallized un-
der several conditions (PDB: 3AX5). Analysis of all these struc-
tures suggests that Tom20 binds to variousmitochondrial prese-
quences with similar affinity; however, the orientation of the axis
of the presequences with respect to the receptor may vary (Sai-
toh et al., 2011). Thus it has been proposed that dynamic equilib-
rium exists between different poses of the presequences on the
Tom20 receptor in solution. AtTom20 exhibits higher similarity
to other TPR-containing proteins than Tom20 from Rattus,rved
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the receptor domain of AtTom20 (PDB: 1ZU2) (Perry et al., 2006)
revealed a presequence binding groove on the concave surface
of the receptor. It comprises two TPR-like motifs, which are
longer than the more conventional motifs (containing 43–44 res-
idues instead of 34 residues), although the interhelical angles are
retained.
Tom22
Tom22 is an integral membrane protein with a central transmem-
brane segment. It interacts with Tom20 to together make up the
full presequence binding site (Mayer et al., 1995). The cytosol
exposed N-terminal region of Tom22 is rich in acidic residues;
however, deletion of these residues did not decrease the import
of precursors (Nargang et al., 1998). The C terminus faces the
IMS and interacts with Tom40 and Tom7 (Esaki et al., 2004).
The isolated cytosolic domain of yeast Tom22 bound to the pre-
sequence but did not take up an ordered structure (Yamano
et al., 2008). In vitro studies have suggested that yeast Tom22
was essential for stabilizing the assembly of Tom20/Tom40 com-
plex (Yamano et al., 2008). It has been proposed that the primi-
tive TOM complex lacked Tom20 and Tom70, as yeast mutants
lacking these proteins are viable only if the level of Tom22 is
maintained (Lithgow et al., 1994; Moczko et al., 1992). In plants,
Tom22 lacks the N-terminal acidic cytosolic domain present in
animals. The cytosolic region is shortened to 5 kDa in AtTom22
and 10.8 kDa in ScTom22 (Macasev et al., 2004). In plants this
region is basic, and is highly unlikely to recognize presequences
owing to charge repulsion. NMR studies on cytosolic domain of
AtTom22 (residues 3–48) revealed that the domain was unstruc-
tured, and no interactions were detected with the alternative
oxidase presequence, suggesting that AtTom22 is not a prese-
quence receptor. The cytosolic domain of AtTom22 competes
with the precursor sequence for binding to AtTom20. When the
complex encounters a presequence the cytosolic domain of
AtTom22 is displaced to enable interaction between AtTom20
and the presequence, thus facilitating translocation across the
outer membrane (Rimmer, 2010; Rimmer et al., 2011).
Small Tom Proteins: Tom5, Tom6, and Tom7
Tom7 is an integral membrane protein with an Nout-Cin orienta-
tion, consisting of a hydrophobic core with predicted b strands,
and is highly conserved through evolution (Ho¨nlinger et al.,
1996). Import of porin is significantly affected in a tom7 knockout
in yeast with isolated mitochondria. The protein is involved in the
lateral release of preproteins into the membrane bilayer, thus
playing a role in the latter stage of import, beyond the recognition
of preproteins by the cytosolic receptor domains (Yamano et al.,
2010). Tom7 is needed at different stages during the assembly of
the translocation complex. It promotes the release of Tom20 and
Tom22 from the Tom40 precursor in the early phase of the import
complex assembly, while in the latter stage it destabilizes inter-
action of the Tom20/Tom22 with the imported Tom40, reducing
the size of the general import complex (Model et al., 2001).
Tom6 is deeply embedded in the membrane. The absence of
Tom6 destabilizes the interactions between Tom70, Tom40, and
Tom20/22 (Ho¨nlinger et al., 1995). Thus Tom6 and Tom7 do not
interact directly with the preprotein; however, they influence the
stability of the TOM complex in a partially antagonistic fashion,
thereby promoting the translocase dynamics (Model et al.,
2001).StructuTom5 has a C-terminal membrane anchor (residues 27–45)
with an N-terminal negatively charged cytosolic domain. It is
involved in the transfer of preproteins from Tom22 to the
Tom40 import pore. Basic residues flank the hydrophobic
segment to interact with the charged head groups of phospho-
lipids. It is required for preprotein insertion in the post-receptor
stage in yeast (Dietmeier et al., 1997), andmay be involved in tar-
geting precursors of Tom7 and some translocon inner mem-
brane (Tim) proteins destined for IMS (Kurz et al., 1999). Tom5
is closely associated with Tom40, protecting it from proteolysis.
In Neurospora, Tom5 aided in maintaining the structural integrity
of the TOM complex rather than binding to precursor proteins
(Schmitt et al., 2005). Proteomic analysis suggests the presence
of these small Tom proteins in Arabidopsis; however, owing to
their small size it is difficult to determine whether these are ortho-
logs or analogs (Murcha et al., 2013). To date, no three-dimen-
sional structure of Tom7/6/5 is available.
SAM Complex: Sam50
The sorting and assembly of b-barrel proteins is carried out by
the SAM/TOB complex, which might also be responsible for
the insertion of the proteins Tom22, Tom5, Tom6, and Tom7
(Thornton et al., 2010). This 140-kDa complex has been isolated
from Neurospora, and is composed of Sam50/Tob55, Sam35/
Tob38, and Sam37/Tob37 (Figure 4) in a stoichiometry of 1:1:1
as calculated using isotope dilution mass spectrometry analysis
and blue native gel electrophoresis (Klein et al., 2012). Homology
modeling of HsSam50 (Zeth, 2010), has been carried out based
on the high similarity with the TpsB transporter FhaC fromBorde-
tella pertussis. The modeled structure comprises 16 b strands
and one POTRA (polypeptide transport associated) domain.
The presence of the POTRA domain and 12 residues per b strand
clearly denote an evolutionary relationship with Omp85, which
aids in integration of proteins into the bacterial outer membrane
(Zeth, 2010). The junction between the N-terminal strand 1 and
the C-terminal strand 16 is short and not stabilized by a connect-
ing loop or turn, as observed in Omp85. The cytosolically synthe-
sized b-barrel preproteins pass through the Tom pore into the
IMS, where they interact with the small Tims (Habib et al.,
2005) and are subsequently transferred to the SAM complex.
The N-terminal a-helical POTRA domain of Sam50 on the IMS
face is proposed to recognize the b-barrel precursors by serving
as substrate binding sites (Habib et al., 2007). It also aids in the
release of proteins from the SAM complex in the course of inser-
tion into the membrane (Stroud et al., 2011). In addition, signifi-
cant rearrangement in Sam50 after binding to the precursors
has been reported (Kutik et al., 2008).
SAM Complex: Sam35 and Sam37
Sam35 is tightly bound and anchored to the mitochondrion by
Sam50, and is speculated to interact with cytosolic chaperones
to maintain the b-barrel precursors in an import-competent
conformation (Waizenegger et al., 2004). b-Sorting signals, pre-
sent in all b-barrel proteins such as Tom40, are conserved
across all eukaryotic families and are necessary and sufficient
for selective recognition by the SAM complex (Kutik et al.,
2008). Sam35 is a peripheral membrane protein shown to recog-
nize the C-terminal b-signal, further inducing the opening of the
Sam50 channel by increasing the this channel’s conductance,
whereas Sam37 assists in the release of substrates from the
SAM complex (Chan and Lithgow, 2008). Interestingly it hasre 23, October 6, 2015 ª2015 Elsevier Ltd All rights reserved 1791
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date several b strands, in contrast to the TOM channel, which
suggests that b-barrel precursors are inserted into the mem-
brane not as single strands but as several partially folded ele-
ments, as in the case of biogenesis of Tom40 (Rapaport and
Neupert, 1999). It has been speculated that there is a sequential
integration of antiparallel b strands inside the Sam50 channel;
hence, a large intermediate b barrel is formed which then sepa-
rates into two new barrels (Klein et al., 2012). Sam35 and Sam37,
located on the cytosolic face, provide a protective environment
and assist in the assembly of the cytosolic domains of the mito-
chondrial b-barrel proteins (Chan and Lithgow, 2008).
SAM Complex: Metaxin
Metaxin is an outer membrane protein in the mitochondria that
participates in the early stages of protein import. It is shown to
be important for the import of VDACs and recognizes a variety
of precursors; however, its role differs considerably between
plants, yeast, and animals (Lister et al., 2007). It has a cytosoli-
cally exposed N-terminal domain, and a C-terminal membrane
anchor comprising two transmembrane helices. The N-terminal
region of mouse metaxin shows significant sequence identity
to Tom37 from yeast (Armstrong et al., 1997). Sam35, Sam37,
and metaxin are predicted to contain GST-N and GST-C do-
mains. AtMetaxin exhibits sequence similarity with HsMetaxin1.
HsMetaxin1 and HsMetaxin2 play a role in b-barrel protein
import, which is different from Sam50 (Kozjak-Pavlovic et al.,
2007). Construct optimization had been carried out for
AtMetaxin, which suggest that the N-terminal 131 residues
behave as a dimer, which aggregates with time and concentra-
tion (our unpublished data). This dimer is transformed into
higher-order aggregates upon storage and increase in concen-
tration. Different detergents and buffers failed to yield a stable
dimer for structural studies. Due to extensive protein aggrega-
tion, in vitro interaction studies were not possible, although the
construct was shown to inhibit import using an in vivo competi-
tion import assay. Similarity searches against proteins with
known structure using HHPred suggested that these proteins
from Candida albicans adopted an overall GST-like fold,
although the three-dimensional structures are suggested to be
significantly different from their H. sapiens isoforms. Homology
modeling attempts for these proteins have not been successful
for Sam35, Sam37, and metaxins, as no reliable models could
be designed based on template proteins with a GST-like fold
(Qu et al., 2012).
Mdm-10
Mdm-10 is also a b-barrel protein; it is not a subunit of the SAM
complex but a regulatory interaction partner (Klein et al., 2012). It
participates specifically in Tom40 assembly and is evolutionarily
related to Tom40 (Wideman et al., 2010). Mdm10 is also a con-
stituent of the ER-mitochondria encounter structure (ERMES)
(Kornmann and Walter, 2010). Since the SAM complex and the
ERMES are spatially separable, it is speculated that ERMES-
mediated sequestering of Mdm10 might affect the assembly of
b-barrel proteins. The protein is found in fungi but not in higher
eukaryotes. The function of this protein remains to be further
clarified. Structural modeling of Tuber melanosporum Mdm10
shows insertions in loops L8–9 and L15–16 not seen in Tom40
sequences. L8–9 insertion is proline rich and is predicted to
contain two short b strands modeled as an extended loop.1792 Structure 23, October 6, 2015 ª2015 Elsevier Ltd All rights reseFurthermore, the N terminus, which is predicted to contain two
b strands, forms part of the region external to the b-barrel lumen.
Hence, Mdm10 forms 20–21 b-strands depending on the choice
of porin used as model (Bay et al., 2012). Tom7 regulates the as-
sociation of this protein with the SAM complex (Yamano et al.,
2010).
Om64
The 64-kDa outer envelope protein, also known as Om64, is
found in the same location as Tom70, on the outer membrane
of plant mitochondria. However, the two proteins are not ortho-
logs and, based on blue native PAGE analysis, Om64 does not
interact with the Tom40 complex (Lister et al., 2007). It comprises
an N-terminal transmembrane region followed by a cytosolic
domain of three TPRs. Om64 exhibits 67% sequence identity
with plastid localized Toc64, and interacts with the C-terminal
fragment of cytosolic Hsp70 and Hsp90 (Chew et al., 2004).
The structure of the 3-TPR domain of Om64 has been modeled
using I-TASSER, and the interactions with the Hsp peptides
have been studied (Panigrahi et al., 2014). It has been shown us-
ing surface plasmon resonance (SPR) studies that Om64 prefers
to interact with Hsp70 over Hsp90 (Schweiger et al., 2013).
Notably, in anArabidopsismutant lacking all three functional iso-
forms of Tom20, deletion of Om64 resulted in embryo lethality,
indicating that it can act as a receptor for a wide variety of pro-
teins. Furthermore, this import receptor is not present in yeast
and mammals (Carrie et al., 2010).
Outer Envelope Receptors of Chloroplast
The translocon of the outer membrane of the chloroplast (TOC) is
the primary import apparatus necessary for translocation of pro-
teins destined into this organelle. The TOC core consists of three
primary components: Toc34, Toc75, and Toc159 (Figure 6). Blue
native PAGE analysis of isolated chloroplast from Pisum sativum
leaf tissue suggests that these three components are present in a
stoichiometry of 3:3:1 (Kikuchi et al., 2006) or 4:4:1 (Schleiff et al.,
2003), respectively. Transmission EM structural analysis sug-
gests that the TOC complex from Pisum forms a toroidal particle
13 nm in diameter and 10–12 nm in height (Schleiff et al., 2003).
Toc34
Toc34 is an integral membrane protein with an N-terminal
cytosolic domain (residues 1–266), a transmembrane region
(residues 267–283), and a C-terminal tail exposed to the IMS
(residues 284–310) (Seedorf et al., 1995). The crystal structure
of the cytosolic domain of PsToc34 (PDB: 1H65) (Sun et al.,
2001) reveals a crystallographic dimer. Each monomer contains
a GTP binding domain (G domain) and an a-helical region at the
C terminus. An Mg2+ ion has been observed at the nucleotide
binding site along with an extra electron density suggesting a
bound GDP molecule (Figure 7A). Hydrogen bonding interac-
tions of Arg128 and Arg133, along with the hydrogen bonds be-
tween bound GDP and Arg133 and its hydrophobic interaction
with Tyr132 (of the partner monomer), are the key players in
dimerization. Furthermutation of Arg128 to alanine caused reduc-
tion in GTPase activity. It has been proposed that dimerization is
necessary for mutual activation of GTPases, similar to observa-
tions made for dimerization of signal recognition particle (SRP)
and the a subunit of its receptor (SR) (Powers and Walter,
1995). The catalytic arginine residue termed the arginine finger,
Arg133 in the case of Toc34, is important for GTPase-activatingrved
Figure 6. Receptors from Outer Membrane
of Chloroplast
(Upper) Schematic representation; (lower) list of
receptors whose structures have been studied.
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dues are also found in the complex of SRP and SR. PsToc34 has
two paralogs in the Arabidopsis genome (AtToc33 and AtToc34).
The crystal structure of AtToc33 residues 1–251 in complex with
Mg2+ and GDP/GMPPNP (PDB: 3BB3 and 3BB1, respectively)
has been determined, and the same study proposes a concen-
tration-dependent dimerization as detected by analytical ultra-
centrifugation evidenced by a higher dissociation constant for
AtToc33 compared with PsToc34 (Koenig et al., 2008). Although
AtToc33 and PsToc34 have similar conformations in the ligand
bound states, a mutation of the conserved Arg130 (correspond-
ing to Arg133 of PsToc34) to alanine in the former causes aminor
reduction in the catalytic rate, and thismutant was crystallized as
a monomer (residues 2–250) (PDB: 2J3E) (Figure 7B) (Yeh et al.,
2007). The monomer resembled that of PsToc34, as the two pro-
teins had 59% sequence identity; however, structural variations
were observed in the region corresponding to the dimer interface
of PsToc34. The a40 helix and the b30 strand (PsToc34) exist as
extended coils in the AtToc33 (R130A). Furthermore, the small
310 helix (a5
0) forms an extended a6 helix in the latter monomeric
structure. As observed by gel filtration studies, in the presence
of exogenous Mg2+, Arg130 favored dimerization in freshly pre-
pared wild-type AtToc33, in contrast to the case without the
ion, whereby only the monomeric form was observed. Further-
more, only the dimer fraction showed GTPase activity. Toc34
was also found to be associated with Toc75 (Seedorf et al.,
1995). It is speculated that Toc34 modulates the gating proper-
ties of Toc75 or the recognition and presentation of precursors
(Keegstra and Froehlich, 1999; Schleiff and Soll, 2000).
Toc75
Toc75 is a member of the Omp85 superfamily, a group of b-bar-
rel proteins found inmitochondria and chloroplasts. This family isStructure 23, October 6, 2015characterized by the presence of three
N-terminal POTRA domains facing the
cytosol followed by a C-terminal b-barrel
pore, although both the N and C termini
of the protein face the IMS. Two topolog-
ical models have been proposed for
Toc75. The first model, based on a hy-
dropathy plot and CD spectroscopy,
predicts the presence of 16 membrane-
spanning b strands connected by a loop
composed of 229 amino acids and a
hydrophilic pore 0.8–0.9 nm in diameter
(Hinnah et al., 1997). The second model
was based on proteolytic digestion
of proteoliposome studies in combina-
tion with amino acid sequencing and
modeling work (Sveshnikova et al.,
2000). This model contradicted the previ-
ous one in terms of the IMS facing large
loop regions of the structure. However,the number of predicted strands according to both the models
was consistent. Seven inter-b-strand loop domains have been
identified as Toc loop domains. As no high-resolution structure
is available, homology modeling studies of PsToc75-POTRA do-
mains were performed using the crystal structure of FhaC (PDB:
2QDZ) (Dave, 2010). The individual POTRA domain contains two
a helices packed against three b strands (b-a-a-b-b fold). The
POTRA1 and POTRA3 domains are shown to interact directly
with the transit peptides using analytical ultracentrifugation
studies and pull-down assays (Simmerman, 2011). POTRA1 is
known to form oligomers and POTRA3 to exist as monomers,
as confirmed by ultracentrifugation studies. Thus POTRA1 is
believed to interact with other members of the TOC complex aid-
ing in assembly, whereas POTRA3 aids in the import of precur-
sors. The role of POTRA2 is not yet fully understood. Four genes
are found in Arabidopsis encoding the homolog of PsToc75,
based on their location on different chromosomes: AtToc75-I,
AtToc75-III, AtToc75-IV, and AtToc75-V (Eckart et al., 2002;
Jackson-Constan and Keegstra, 2001). Evidence at the protein
level for AtToc75-I is not available. AtToc75-III is the functional
homolog to PsToc75 and shares 73% sequence identity (Inoue
and Keegstra, 2003). AtToc75-IV is 44 kDa in size, shares 60%
sequence identity with PsToc75, and contains eight b strands
and no POTRA domain (Jackson-Constan and Keegstra,
2001), AtToc75-V (also called AtOEP80) shares 22% sequence
identity with PsToc75, and is hypothesized to be involved in
insertion of other b-barrel proteins into the outer membrane. It
is predicted to form a porin-like channel with 16 b strands, and
is related to Sam50 of mitochondria more closely than Toc75
(Eckart et al., 2002). Heterologously expressed Toc75 reconsti-
tuted into liposomes formed a cation-selective channel where
the channel properties were affected only by preproteins thatª2015 Elsevier Ltd All rights reserved 1793
Figure 7. Cartoon Representations of
Different Receptors on the Chloroplast
Outer Membrane Known to Date
(A) Crystal structure of cytosolic domain of Toc34
from Pisum (PDB: 1H65). The Mg ion (green), the
GDP (blue), arginine 133, which acts as an arginine
finger, and tyrosine 132, which is involved in hy-
drophobic interaction at the dimeric interface, are
shown.
(B) Crystal structure of Toc33R130A mutant from
Arabidopsis complexed with GDP (PDB: 2J3E).
The protein was crystallized as a monomer. The
secondary structural elements, which have un-
dergone changes upon formation of monomer
compared with the dimer shown in (A), are shown
in green. Corresponding structural elements are
labeled in (A).
Structure
Reviewmimic the transit peptides (Hinnah et al., 1997). Toc75 shows
preference for transit peptides based on charge and conforma-
tion, and is involved mainly in hydrogen bonding and van der
Waals interactions (Hinnah et al., 2002). It is predicted to act as
chaperone during the translocation of its substrate (Sa´nchez-Pu-
lido et al., 2003).
Toc159
Toc159 (also referred to as Toc160) was originally identified as
a proteolytic fragment called Toc86. Proteolytic sensitivity
studies (Chen et al., 2000) on the full-length protein identified
it as having a tripartite domain structure: an N-terminal acidic
domain or the A domain (residues 1–598) with a pI of 3.6 con-
taining two repetitive motifs, a GTP binding domain or G
domain (residues 599–1062) followed by a C-terminal mem-
brane anchor domain or M domain (residues 1063–1499). How-
ever, a three-dimensional structure is not yet available to
confirm these studies. Hydrophobic cluster analysis of the A
domain shows the characteristic feature of natively disordered
proteins. CD studies have shown that the A domain of At-
Toc159 is disordered and undergoes conformational changes
at temperature and pH extremes, as observed in intrinsically
disordered proteins (Richardson et al., 2009). This domain is
analogous to Tom22 and Tom20, and is thought to play a role
in electrostatic interactions with the positively charged transit
peptides. Furthermore, the N-terminal domain consists of mo-
tifs mimicking the ATP binding site of protein kinases, although
the function has not been characterized (Bo¨lter et al., 1998).
The A and G domains are cytosolic. However, the latter is
attached to the outer membrane in the absence of the M
domain, which suggests the possibility of interaction with other
subunits of the import complex (Bauer et al., 2000). Toc34 and
Toc159 are integral GTPases, which act as primary receptors
for preproteins and are homologous in their G domains (Andre`s
et al., 2010), but this homology is not shared with other GTP
binding proteins. Similar to Toc34, dimerization is proposed
to play an important role in GTPase activation in Toc159. Inter-
estingly, Toc159 interacts with Toc33 in Arabidopsis (Hiltbrun-
ner et al., 2001) and their respective G domains of Toc159
forms aid in the formation of Toc33-Toc159 heterodimeric
forms, which have been shown to occur in vivo (Rahim et al.,
2009). Removal of the G domain affects the precursor binding
and import intermediate formation, whereas the translocation
remains unaffected (Chen et al., 2000). There are three homo-
logs found in Arabidopsis, namely AtToc159, AtToc132, and1794 Structure 23, October 6, 2015 ª2015 Elsevier Ltd All rights reseAtToc120, which share 48%, 37%, and 39% sequence identity
with PsToc159, respectively; the latter two are hypothesized to
be receptors for precursors of non-photosynthetic proteins
(Jarvis and Soll, 2001).
Toc64
Toc64 is suggested to be transiently associated with the core
complex (Schleiff et al., 2003). A consensus model for the topol-
ogy of PsToc64 has been proposed to consist of an N-terminal
transmembrane region, an IMS localized amidase domain, a
charged region, and a C-terminal cytosolically exposed 3-TPR
domain (Qbadou et al., 2006). The protein traverses the mem-
brane three times and has an Nin-Cout orientation. The 3-TPR
domain is a repeat of the helix-turn-helix motif and interacts
with the C-terminal region of the heat-shock proteins that carry
the preproteins, thus aiding preprotein delivery to the import
complex (Mirus et al., 2009). AtToc64 displays 85% sequence
similarity and 79% identity with PsToc64, and it has been pro-
posed that the N-terminal domain functions as an insertion signal
(Lee et al., 2004). The 3-TPR domain of AtToc64 along with
the solvation helix (capping helix) has been modeled using
I-TASSER, and has been shown to interact with equal affinity
with the C-terminal fragment of HsHsp70/90 using isothermal
titration calorimetry studies (Panigrahi et al., 2013) and Arabi-
dopsis using SPR studies (Schweiger et al., 2013).
Toc12
Toc12 is another later identified component of the TOC com-
plex, which exposes a soluble C-terminal domain to the IMS
where it interacts with IMS localized ATP bound Hsp70. On hy-
drolysis of ATP, induced by this interaction, the chaperone inter-
acts with the incoming preprotein at the exit site of the TOC
complex on the IMS face. Bioinformatics analysis of PsToc12
has shown that the N terminus of the protein contains a b-barrel
type membrane anchor, and the C terminus exhibits high
sequence similarity to the J domain of Dna-J. The J domain in
Toc12 stimulates ATPase activity of Hsp70 chaperones. A ho-
mology model was built using HsHsp40 as a template (Becker
et al., 2004), and subsequent molecular dynamics simulation
studies showed that residues 44–60 form a flexible region,
whereas residues 63–103 form a highly structured region. A pro-
line residue present in the loop connecting the first two helices
in HsHsp40 is absent in Toc12. In addition, a further two cyste-
ines at the end of this loop stabilize the structure by disulfide




Protein sorting to destined organelles is an essential process
necessary for the survival of eukaryotic cells. In the last decade,
many new translocation pathways involving receptors, targeting
signals, and different cytosolic factors have been identified. With
the development of high-resolution imaging techniques com-
bined with computer-assisted modeling and mutational studies,
progress has beenmade in understanding the three-dimensional
structure and dynamics of outer membrane receptors from per-
oxisomes, mitochondria, and chloroplasts. Furthermore, EM
studies have aided in providing an overall view of some proteins
and complexes such as Tom40 (Ahting et al., 2001) and the TOC
complex (Schleiff et al., 2003). However, many questions remain
to be answered. Importantly, the ability to capture full receptor
assemblies in complex with preproteins and to visualize these
at a molecular level using either crystallographic or electron im-
agingmethodswill provide critical information to further enhance
our understanding of the mechanism of protein import.
In the case of peroxisomal protein import, two models have
been proposed: one in which subunits of multimeric proteins
are imported into the peroxisomal matrix as monomers, and
the other in which monomers are folded, assembled, and tar-
geted as multimers, as seen in the PTS2 pathway (Flynn et al.,
1998). A structural insight into the peroxisomal receptors bound
to multimeric proteins could aid in understanding the mode of
stabilization of the complex. Structural insights from Pex26
would throw light on the peroxisome localization mechanism of
the Pex1-Pex6 complex. PMPs are targeted to the peroxisomes
with the help of the Pex19-Pex3 complex; however, they are also
trafficked via the ER. It would be interesting to study the targeting
signals and specific chaperones involved in these pathways, to
enable further insights into peroxisomal membrane biogenesis.
Although a number of structures of peroxisomal receptors and
their complexes have been obtained, there are no reports on
structures from plants. A detailed structure-function study on
the peroxisome import pathway in plantsmight aid in highlighting
the differences from yeast or mammal counterparts and, on a
broader level, help to understand the evolution and adaptation
by peroxisomes in plants to biotic and abiotic stress.
In contrast to peroxisomal receptors, few structural reports are
available for mitochondrial and chloroplast outer membrane re-
ceptors. It has been shown that Tom proteins cannot import their
own preproteins and need other Tom receptors to aid in specific
import (Pfanner and Geissler, 2001). It would therefore be
intriguing to study the structural determinants that aid receptors
in differentiating between self and non-self. Small Toms, e.g.
Tom5, Tom6, and Tom7, are known to play roles in translocon
dynamics, which makes the understanding of their structures
and modes of interaction with their partners essential. Although
a number of structures of the cytosolic domain of rat Tom20 in
complex with a rat ALDH presequence have been reported,
the basis of interaction of Sam35 and Sam37 with precursors
of b-barrel proteins is yet to be understood. Furthermore,
considering the diversity in mitochondrial targeting signals
destined for the different mitochondrial compartments, it is inter-
esting to note that all of these signals are translocated through
the same TOM complex. An in-depth investigation might unravel
new modes of presequence recognition by different receptors.
The domain classification of metaxin shows the presence of aStructuputative glutathione binding site at its N terminus. The function
of this site and its possible role in presequence recognition
would be an intriguing study.
A number of proteins have been identified by in vivo and in vitro
import studies using GFP fusion constructs as being dually tar-
geted to themitochondria and the chloroplast. The phenomenon
of dual targeting raises questions regarding how independently
evolved organelles have converged to share import components.
Furthermore, do these dual targeted proteins utilize the same
import machinery as the organelle-specific ones? A detailed
structural investigation of the outer membrane receptors from
each of the organelles involved in this process is yet to be carried
out. Finally, studies have indicated the role of cytosolic kinases in
regulating protein import. For example, protein kinase CK2
phosphorylates Tom22, thus aiding in the biogenesis of the
TOM complex. In addition, protein kinase A phosphorylates
Tom70, affecting the import of metabolite carrier proteins
(Schmidt et al., 2011). A molecular-based understanding of the
regulation of receptor complex biogenesis by kinases is yet to
be obtained. The importance of transit peptide phosphorylation
and dephosphorylation for import into chloroplasts and chloro-
plast biogenesis is documented (Lamberti et al., 2011). While
various signal transduction pathways activate or repress the
expression of genes encoding organelle proteins, the association
of these messages with polysomes, and their attachment to the
target organelle surface, has only been reported formitochondria
(Gruber et al., 2013; Marc et al., 2002; Michaud et al., 2010; Weis
et al., 2013). Is this process regulated, andwhat is the relationship
between the binding of polysomes to the organelle surface and
the receptor/translocating apparatus? In addition,what regulates
the expression of the receptor/translocating machinery of the
organelle import apparatus? A link between the chloroplast
import apparatus and ubiquitin-proteasome system via a chloro-
plast-located ubiquitin E3 ligase revealed that the organelle
import apparatuses are integrated into protein control systems
within cells (Linget al., 2012). Inplants, a linkbetween the function
of complex I and the expression and capacity of the protein
import apparatus revealed that the mitochondrial protein import
apparatus is closely tuned to theactivity of their respective organ-
elles (Wang et al., 2012) and that complex. Currently unknown
signaling pathways exist to regulate the abundance and activity
of the organelle protein import machinery.
Considering the challenges encountered for recombinant
expression and stability of membrane proteins, the existing
wealth of knowledge on the structure and design of import ma-
chineries is commendable. The near future should see additional
progress in understanding receptor structure, function, and
physiology, which could aid us to gain deeper understanding
of the dynamics of these molecular machines.SUPPLEMENTAL INFORMATION
Supplemental Information includes two figures and can be found with this
article online at http://dx.doi.org/10.1016/j.str.2015.08.005.
REFERENCES
Abe, Y., Shodai, T., Muto, T., Mihara, K., Torii, H., Nishikawa, S., Endo, T., and
Kohda, D. (2000). Structural basis of presequence recognition by the mito-
chondrial protein import receptor Tom20. Cell 100, 551–560.re 23, October 6, 2015 ª2015 Elsevier Ltd All rights reserved 1795
Structure
ReviewAhmadian, M.R., Stege, P., Scheffzek, K., and Wittinghofer, A. (1997). Confir-
mation of the arginine-finger hypothesis for the GAP-stimulated GTP-hydroly-
sis reaction of Ras. Nat. Struct. Biol. 4, 686–689.
Ahting, U., Thieffry, M., Engelhardt, H., Hegerl, R., Neupert, W., and Nuss-
berger, S. (2001). Tom40, the pore-forming component of the protein-con-
ducting TOM channel in the outer membrane of mitochondria. J. Cell Biol.
153, 1151–1160.
Andre`s, C., Agne, B., and Kessler, F. (2010). The TOC complex: preprotein
gateway to the chloroplast. Biochim. Biophys. Acta 1803, 715–723.
Armstrong, L.C., Komiya, T., Bergman, B.E., Mihara, K., and Bornstein, P.
(1997). Metaxin is a component of a preprotein import complex in the outer
membrane of the mammalian mitochondrion. J. Biol. Chem. 272, 6510–6518.
Azevedo, J.E., and Schliebs, W. (2006). Pex14p, more than just a docking pro-
tein. Biochim. Biophys. Acta 1763, 1574–1584.
Bauer, J., Chen, K., Hiltbunner, A., Wehrli, E., Eugster, M., Schnell, D., and
Kessler, F. (2000). The major protein import receptor of plastids is essential
for chloroplast biogenesis. Nature 403, 203–207.
Bay, D.C., Hafez, M., Young, M.J., and Court, D.A. (2012). Phylogenetic and
coevolutionary analysis of the b-barrel protein family comprised of mitochon-
drial porin (VDAC) and Tom40. Biochim. Biophys. Acta 1818, 1502–1519.
Bayrhuber, M., Meins, T., Habeck, M., Becker, S., Giller, K., Villinger, S., Vonr-
hein, C., Griesinger, C., Zweckstetter, M., and Zeth, K. (2008). Structure of the
human voltage-dependent anion channel. Proc. Natl. Acad. Sci. USA 105,
15370–15375.
Becker, T., Hritz, J., Vogel, M., Caliebe, A., Bukau, B., Soll, J., and Schleiff, E.
(2004). Toc12, a novel subunit of the intermembrane space preprotein translo-
con of chloroplasts. Mol. Biol. Cell 15, 5130–5144.
Becker, T., Pfannschmidt, S., Guiard, B., Stojanovski, D., Milenkovic, D., Kutik,
S., Pfanner, N., Meisinger, C., and Wiedemann, N. (2008). Biogenesis of the
mitochondrial TOM complex Mim1 promotes insertion and assembly of
signal-anchored receptors. J. Biol. Chem. 283, 120–127.
Birschmann, I., Stroobants, A.K., van den Berg, M., Scha¨fer, A., Rosenkranz,
K., Kunau,W.H., and Tabak, H.F. (2003). Pex15p of Saccharomyces cerevisiae
provides a molecular basis for recruitment of the AAA peroxin Pex6p to perox-
isomal membranes. Mol. Biol. Cell 14, 2226–2236.
Birschmann, I., Rosenkranz, K., Erdmann, R., and Kunau, W.H. (2005). Struc-
tural and functional analysis of the interaction of the AAA-peroxins Pex1p and
Pex6p. FEBS J. 272, 47–58.
Bo¨lter, B., May, T., and Soll, J. (1998). A protein import receptor in pea chloro-
plasts, Toc86, is only a proteolytic fragment of a larger polypeptide. FEBS Lett.
441, 59–62.
Bottger, G., Barnett, P., Klein, A.J., Kragt, A., Tabak, H.F., and Distel, B. (2000).
Saccharomyces cerevisiae PTS1 receptor Pex5p interacts with the SH3
domain of the peroxisomal membrane protein Pex13p in an unconventional,
non-PXXP–related manner. Mol. Biol. Cell 11, 3963–3976.
Braverman, N., Dodt, G., Gould, S.J., and Valle, D. (1998). An isoform of Pex5p,
the human PTS1 receptor, is required for the import of PTS2 proteins into per-
oxisomes. Hum. Mol. Genet. 7, 1195–1205.
Brix, J., Ziegler, G.A., Dietmeier, K., Schneider-Mergener, J., Schulz, G.E., and
Pfanner, N. (2000). The mitochondrial import receptor Tom70: identification of
a 25 kDa core domain with a specific binding site for preproteins. J. Mol. Biol.
303, 479–488.
Brown, L.A., and Baker, A. (2008). Shuttles and cycles: transport of proteins
into the peroxisome matrix (Review). Mol. Membr. Biol. 25, 363–375.
Carrie, C., Murcha, M.W., and Whelan, J. (2010). An in silico analysis of the
mitochondrial protein import apparatus of plants. BMC Plant Biol. 10, 249.
Cavalier-Smith, T. (2000). Membrane heredity and early chloroplast evolution.
Trends Plant Sci. 5, 174–182.
Cavalier-Smith, T. (2002). Chloroplast evolution: secondary symbiogenesis
and multiple losses. Curr. Biol. 12, R62–R64.
Chan, N.C., and Lithgow, T. (2008). The peripheral membrane subunits of the
SAM complex function codependently in mitochondrial outer membrane
biogenesis. Mol. Biol. Cell 19, 126–136.1796 Structure 23, October 6, 2015 ª2015 Elsevier Ltd All rights reseChan, N.C., Likic, V.A., Waller, R.F., Mulhern, T.D., and Lithgow, T. (2006). The
C-terminal TPR domain of Tom70 defines a family of mitochondrial protein
import receptors found only in animals and fungi. J. Mol. Biol. 358, 1010–1022.
Chen, K., Chen, X., and Schnell, D.J. (2000). Initial binding of preproteins
involving the Toc159 receptor can be bypassed during protein import into
chloroplasts. Plant Physiol. 122, 813–822.
Chew, O., Lister, R., Qbadou, S., Heazlewood, J.L., Soll, J., Schleiff, E., Millar,
A.H., and Whelan, J. (2004). A plant outer mitochondrial membrane protein
with high amino acid sequence identity to a chloroplast protein import recep-
tor. FEBS Lett. 557, 109–114.
Chudzik, D.M., Michels, P.A., de Walque, S., and Hol, W.G.J. (2000). Struc-
tures of type 2 peroxisomal targeting signals in two trypanosomatid aldolases.
J. Mol. Biol. 300, 697–707.
Collins, C.S., Kalish, J.E., Morrell, J.C., McCaffery, J.M., and Gould, S.J.
(2000). The peroxisome biogenesis factors pex4p, pex22p, pex1p, and
pex6p act in the terminal steps of peroxisomal matrix protein import. Mol.
Cell. Biol. 20, 7516–7526.
Costa-Rodrigues, J., Carvalho, A.F., Gouveia, A.M., Fransen, M., Sa´-Miranda,
C., and Azevedo, J.E. (2004). The N terminus of the peroxisomal cycling recep-
tor, Pex5p, is required for redirecting the peroxisome-associated peroxin back
to the cytosol. J. Biol. Chem. 279, 46573–46579.
Dave, A.M. (2010). Structural and Functional Analysis of Toc75 (University of
Tennessee).
Dietmeier, K., Ho¨nlinger, A., Bo¨mer, U., Dekker, P.J., Eckerskorn, C., Lott-
speich, F., Ku¨brich, M., and Pfanner, N. (1997). Tom5 functionally links mito-
chondrial preprotein receptors to the general import pore. Nature 388,
195–200.
Douangamath, A., Filipp, F.V., Klein, A.T., Barnett, P., Zou, P., Voorn-Brouwer,
T., Vega, M.C., Mayans, O.M., Sattler, M., Distel, B., et al. (2002). Topography
for independent binding of alpha-helical and PPII-helical ligands to a peroxi-
somal SH3 domain. Mol. Cell 10, 1007–1017.
Eckart, K., Eichacker, L., Sohrt, K., Schleiff, E., Heins, L., and Soll, J. (2002). A
Toc75-like protein import channel is abundant in chloroplasts. EMBO Rep. 3,
557–562.
Einwachter, H., Sowinski, S., Kunau, W.H., and Schliebs, W. (2001). Yarrowia
lipolytica Pex20p, Saccharomyces cerevisiae Pex18p/Pex21p and mamma-
lian Pex5pL fulfil a common function in the early steps of the peroxisomal
PTS2 import pathway. EMBO Rep. 2, 1035–1039.
Esaki, M., Shimizu, H., Ono, T., Yamamoto, H., Kanamori, T., Nishikawa, S.,
and Endo, T. (2004). Mitochondrial protein import. Requirement of prese-
quence elements and tom components for precursor binding to the TOM com-
plex. J. Biol. Chem. 279, 45701–45707.
Flynn, C.R., Mullen, R.T., and Trelease, R.N. (1998). Mutational analyses of a
type 2 peroxisomal targeting signal that is capable of directing oligomeric pro-
tein import into tobacco BY-2 glyoxysomes. Plant J. 16, 709–720.
Fodor, K., Wolf, J., Reglinski, K., Passon, D.M., Lou, Y., Schliebs, W., Erd-
mann, R., and Wilmanns, M. (2015). Ligand-induced compaction of the
PEX5 receptor-binding cavity impacts protein import efficiency into peroxi-
somes. Traffic 16, 85–98.
Fujiki, Y., Nashiro, C., Miyata, N., Tamura, S., and Okumoto, K. (2012). New in-
sights into dynamic and functional assembly of the AAA peroxins, Pex1p and
Pex6p, and their membrane receptor Pex26p in shuttling of PTS1-receptor
Pex5p during peroxisome biogenesis. Biochim. Biophys. Acta 1823, 145–149.
Gabaldo´n, T. (2010). Peroxisome diversity and evolution. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 365, 765–773.
Gatto, G.J., Geisbrecht, B.V., Gould, S.J., and Berg, J.M. (2000). Peroxisomal
targeting signal-1 recognition by the TPR domains of humanPEX5. Nat. Struct.
Biol. 7, 1091–1095.
Gessmann, D., Flinner, N., Pfannstiel, J., Schlo¨singer, A., Schleiff, E., Nuss-
berger, S., and Mirus, O. (2011). Structural elements of the mitochondrial pre-
protein-conducting channel Tom40 dissolved by bioinformatics and mass
spectrometry. Biochim. Biophys. Acta 1807, 1647–1657.
Goto, S., Mano, S., Nakamori, C., and Nishimura, M. (2011). Arabidopsis
ABERRANT PEROXISOME MORPHOLOGY9 is a peroxin that recruits the
PEX1-PEX6 complex to peroxisomes. Plant Cell 23, 1573–1587.rved
Structure
ReviewGould, S., Keller, G.-A., and Subramani, S. (1987). Identification of a peroxi-
somal targeting signal at the carboxy terminus of firefly luciferase. J. Cell
Biol. 105, 2923–2931.
Gouveia, A.M., Reguenga, C., Oliveira, M.E., Sa´-Miranda, C., and Azevedo,
J.E. (2000). Characterization of peroxisomal Pex5p from rat liver Pex5p in
the Pex5p-Pex14p membrane complex is a transmembrane protein. J. Biol.
Chem. 275, 32444–32451.
Gray,M.W. (2012).Mitochondrial evolution. Cold Spring Harbor Perspect. Biol.
4, a011403.
Grou, C.P., Carvalho, A.F., Pinto, M.P., Wiese, S., Piechura, H., Meyer, H.E.,
Warscheid, B., Sa´-Miranda, C., and Azevedo, J.E. (2008). Members of the
E2D (UbcH5) family mediate the ubiquitination of the conserved cysteine of
Pex5p, the peroxisomal import receptor. J. Biol. Chem. 283, 14190–14197.
Gruber, A.V., Nisemblat, S., Azem, A., and Weiss, C. (2013). The complexity of
chloroplast chaperonins. Trends Plant Sci. 18, 688–694.
Habib, S.J., Waizenegger, T., Lech, M., Neupert, W., and Rapaport, D. (2005).
Assembly of the TOB complex of mitochondria. J. Biol. Chem. 280, 6434–
6440.
Habib, S.J., Waizenegger, T., Niewienda, A., Paschen, S.A., Neupert, W., and
Rapaport, D. (2007). The N-terminal domain of Tob55 has a receptor-like func-
tion in the biogenesis of mitochondrial b-barrel proteins. J. Cell Biol. 176,
77–88.
Harano, T., Shimizu, N., Otera, H., and Fujiki, Y. (1999). Transmembrane topol-
ogy of the peroxin, Pex2p, an essential component for the peroxisome assem-
bly. J. Biochem. 125, 1168–1174.
Hettema, E.H., Ruigrok, C.C., Koerkamp,M.G., Van DenBerg,M., Tabak, H.F.,
Distel, B., and Braakman, I. (1998). The cytosolic DnaJ-like protein djp1p is
involved specifically in peroxisomal protein import. J. Cell Biol. 142, 421–434.
Hiltbrunner, A., Bauer, J., Vidi, P.-A., Infanger, S., Weibel, P., Hohwy, M., and
Kessler, F. (2001). Targeting of an abundant cytosolic form of the protein
import receptor at Toc159 to the outer chloroplast membrane. J. Cell Biol.
154, 309–316.
Hinnah, S.C., Hill, K., Wagner, R., Schlicher, T., and Soll, J. (1997). Reconsti-
tution of a chloroplast protein import channel. EMBO J. 16, 7351–7360.
Hinnah, S.C., Wagner, R., Sveshnikova, N., Harrer, R., and Soll, J. (2002). The
chloroplast protein import channel Toc75: pore properties and interaction with
transit peptides. Biophys. J. 83, 899–911.
Ho¨nlinger, A., Ku¨brich, M., Moczko, M., Ga¨rtner, F., Mallet, L., Bussereau, F.,
Eckerskorn, C., Lottspeich, F., Dietmeier, K., and Jacquet, M. (1995). Themito-
chondrial receptor complex: Mom22 is essential for cell viability and directly
interacts with preproteins. Mol. Cell. Biol. 15, 3382–3389.
Ho¨nlinger, A., Bo¨mer, U., Alconada, A., Eckerskorn, C., Lottspeich, F., Dietme-
ier, K., and Pfanner, N. (1996). Tom7modulates the dynamics of the mitochon-
drial outer membrane translocase and plays a pathway-related role in protein
import. EMBO J. 15, 2125–2137.
Inoue, K., and Keegstra, K. (2003). A polyglycine stretch is necessary for
proper targeting of the protein translocation channel precursor to the outer en-
velope membrane of chloroplasts. Plant J. 34, 661–669.
Itoh, R., and Fujiki, Y. (2006). Functional domains and dynamic assembly of the
peroxin Pex14p, the entry site of matrix proteins. J. Biol. Chem. 281, 10196–
10205.
Jackson-Constan, D., and Keegstra, K. (2001). Arabidopsis genes encoding
components of the chloroplastic protein import apparatus. Plant Physiol.
125, 1567–1576.
Jarvis, P., and Soll, J. (2001). Toc, Tic, and chloroplast protein import. Biochim.
Biophys. Acta 1541, 64–79.
Keegstra, K., and Froehlich, J.E. (1999). Protein import into chloroplasts. Curr.
Opin. Plant Biol. 2, 471–476.
Kiel, J.A., Emmrich, K., Meyer, H.E., and Kunau,W.-H. (2005). Ubiquitination of
the peroxisomal targeting signal type 1 receptor, Pex5p, suggests the pres-
ence of a quality control mechanism during peroxisomal matrix protein import.
J. Biol. Chem. 280, 1921–1930.StructuKikuchi, S., Hirohashi, T., and Nakai, M. (2006). Characterization of the prepro-
tein translocon at the outer envelope membrane of chloroplasts by blue native
PAGE. Plant Cell Physiol 47, 363–371.
Klein, A., Israel, L., Lackey, S.W., Nargang, F.E., Imhof, A., Baumeister, W.,
Neupert, W., and Thomas, D.R. (2012). Characterization of the insertase for
beta-barrel proteins of the outer mitochondrial membrane. J. Cell Biol. 199,
599–611.
Knox, C., Sass, E., Neupert, W., and Pines, O. (1998). Import into mitochon-
dria, folding and retrograde movement of fumarase in yeast. J. Biol. Chem.
273, 25587–25593.
Koenig, P., Oreb, M., Ho¨fle, A., Kaltofen, S., Rippe, K., Sinning, I., Schleiff, E.,
and Tews, I. (2008). The GTPase cycle of the chloroplast import receptors
Toc33/Toc34: implications from monomeric and dimeric structures. Structure
16, 585–596.
Kondo-Okamoto, N., Shaw, J.M., and Okamoto, K. (2008). Tetratricopeptide
repeat proteins Tom70 and Tom71 mediate yeast mitochondrial morphogen-
esis. EMBO Rep. 9, 63–69.
Kornmann, B., andWalter, P. (2010). ERMES-mediated ER-mitochondria con-
tacts: molecular hubs for the regulation of mitochondrial biology. J. Cell Sci.
123, 1389–1393.
Kozjak-Pavlovic, V., Ross, K., Benlasfer, N., Kimmig, S., Karlas, A., and Rudel,
T. (2007). Conserved roles of Sam50 andmetaxins in VDAC biogenesis. EMBO
Rep. 8, 576–582.
Kurz, M., Martin, H., Rassow, J., Pfanner, N., and Ryan, M.T. (1999). Biogen-
esis of Tim proteins of the mitochondrial carrier import pathway: differential
targeting mechanisms and crossing over with the main import pathway. Mol.
Biol. Cell 10, 2461–2474.
Kutik, S., Stojanovski, D., Becker, L., Becker, T., Meinecke, M., Kruger, V.,
Prinz, C., Meisinger, C., Guiard, B., Wagner, R., et al. (2008). Dissecting mem-
brane insertion of mitochondrial beta-barrel proteins. Cell 132, 1011–1024.
Lamberti, G., Gu¨gel, I.L., Meurer, J., Soll, J., and Schwenkert, S. (2011). The
cytosolic kinases STY8, STY17, and STY46 are involved in chloroplast differ-
entiation in Arabidopsis. Plant Physiol. 157, 70–85.
Lee, Y.J., Sohn, E.J., Lee, K.H., Lee, D.W., and Hwang, I. (2004). The trans-
membrane domain of AtToc64 and its C-terminal lysine-rich flanking region
are targeting signals to the chloroplast outer envelope membrane [correction].
Mol. Cells 17, 281.
Li, J., Qian, X., Hu, J., and Sha, B. (2009). Molecular chaperone Hsp70/Hsp90
prepares the mitochondrial outer membrane translocon receptor Tom71 for
preprotein loading. J. Biol. Chem. 284, 23852–23859.
Li, J., Cui, W., and Sha, B. (2010). The structural plasticity of Tom71 for mito-
chondrial precursor translocations. Acta Crystallogr. Sect. F Struct. Biol.
Cryst. Commun. 66, 985–989.
Ling, Q., Huang, W., Baldwin, A., and Jarvis, P. (2012). Chloroplast biogenesis
is regulated by direct action of the ubiquitin-proteasome system. Science 338,
655–659.
Lister, R., Carrie, C., Duncan, O., Ho, L.H., Howell, K.A., Murcha, M.W., and
Whelan, J. (2007). Functional definition of outer membrane proteins involved
in preprotein import into mitochondria. Plant Cell 19, 3739–3759.
Lithgow, T., Junne, T., Wachter, C., and Schatz, G. (1994). Yeast mitochondria
lacking the two import receptors Mas20p andMas70p can efficiently and spe-
cifically import precursor proteins. J. Biol. Chem. 269, 15325–15330.
Macasev, D., Whelan, J., Newbigin, E., Silva-Filho, M.C., Mulhern, T.D., and
Lithgow, T. (2004). Tom220, an 8-kDa trans-site receptor in plants and proto-
zoans, is a conserved feature of the TOM complex that appeared early in
the evolution of eukaryotes. Mol. Biol. Evol. 21, 1557–1564.
Mano, S., Nakamori, C., Nito, K., Kondo, M., and Nishimura, M. (2006). The
Arabidopsis pex12 and pex13 mutants are defective in both PTS1- and
PTS2-dependent protein transport to peroxisomes. Plant J. 47, 604–618.
Marc, P., Margeot, A., Devaux, F., Blugeon, C., Corral-Debrinski, M., and Jacq,
C. (2002). Genome-wide analysis of mRNAs targeted to yeast mitochondria.
EMBO Rep. 3, 159–164.
Martin, W., and Mentel, M. (2010). The origin of mitochondria. Nat. Education
3, 58.re 23, October 6, 2015 ª2015 Elsevier Ltd All rights reserved 1797
Structure
ReviewMartin, W., Rujan, T., Richly, E., Hansen, A., Cornelsen, S., Lins, T., Leister, D.,
Stoebe, B., Hasegawa, M., and Penny, D. (2002). Evolutionary analysis of Ara-
bidopsis, cyanobacterial, and chloroplast genomes reveals plastid phylogeny
and thousands of cyanobacterial genes in the nucleus. Proc. Natl. Acad. Sci.
USA 99, 12246–12251.
Matsuzono, Y., Matsuzaki, T., and Fujiki, Y. (2006). Functional domain map-
ping of peroxin Pex19p: interaction with Pex3p is essential for function and
translocation. J. Cell Sci. 119, 3539–3550.
Mayer, A., Nargang, F.E., Neupert, W., and Lill, R. (1995). MOM22 is a receptor
for mitochondrial targeting sequences and cooperates with MOM19. EMBO J.
14, 4204.
Meyer, D.I. (1990). Mimics—or gimmicks? Nature 347, 424–425.
Michaud, M., Mare´chal-Drouard, L., and Ducheˆne, A.-M. (2010). RNA traf-
ficking in plant cells: targeting of cytosolic mRNAs to the mitochondrial sur-
face. Plant Mol. Biol. 73, 697–704.
Michels, P.A., Moyersoen, J., Krazy, H., Galland, N., Herman, M., and Han-
naert, V. (2005). Peroxisomes, glyoxysomes and glycosomes (Review). Mol.
Membr. Biol. 22, 133–145.
Mills, R.D., Trewhella, J., Qiu, T.W., Welte, T., Ryan, T.M., Hanley, T., Knott,
R.B., Lithgow, T., and Mulhern, T.D. (2009). Domain organization of the mono-
meric form of the Tom70 mitochondrial import receptor. J. Mol. Biol. 388,
1043–1058.
Mirus, O., Bionda, T., von Haeseler, A., and Schleiff, E. (2009). Evolutionarily
evolved discriminators in the 3-TPR domain of the Toc64 family involved in
protein translocation at the outer membrane of chloroplasts andmitochondria.
J. Mol. Model. 15, 971–982.
Moczko,M., Dietmeier, K., So¨llner, T., Segui, B., Steger, H.F., Neupert,W., and
Pfanner, N. (1992). Identification of the mitochondrial receptor complex in
Saccharomyces cerevisiae. FEBS Lett. 310, 265–268.
Model, K., Meisinger, C., Prinz, T., Wiedemann, N., Truscott, K.N., Pfanner, N.,
and Ryan, M.T. (2001). Multistep assembly of the protein import channel of the
mitochondrial outer membrane. Nat. Struct. Mol. Biol. 8, 361–370.
Moscicka, K.B., Klompmaker, S.H., Wang, D., van der Klei, I.J., and Boekema,
E.J. (2007). The Hansenula polymorpha peroxisomal targeting signal 1 recep-
tor, Pex5p, functions as a tetramer. FEBS Lett. 581, 1758–1762.
Motley, A.M., Hettema, E.H., Ketting, R., Plasterk, R., and Tabak, H.F. (2000).
Caenorhabditis elegans has a single pathway to target matrix proteins to per-
oxisomes. EMBO Rep. 1, 40–46.
Murcha, M.W., Wang, Y., Narsai, R., and Whelan, J. (2013). The plant mito-
chondrial protein import apparatus—the differences make it interesting. Bio-
chim. Biophys. Acta 1840, 1233–1245.
Nargang, F.E., Rapaport, D., Ritzel, R.G., Neupert, W., and Lill, R. (1998). Role
of the negative charges in the cytosolic domain of TOM22 in the import of pre-
cursor proteins into mitochondria. Mol. Cell. Biol. 18, 3173–3181.
Nashiro, C., Kashiwagi, A., Matsuzaki, T., Tamura, S., and Fujiki, Y. (2011). Re-
cruiting mechanism of the AAA peroxins, Pex1p and Pex6p, to Pex26p on the
peroxisomal membrane. Traffic 12, 774–788.
Neuberger, G., Maurer-Stroh, S., Eisenhaber, B., Hartig, A., and Eisenhaber, F.
(2003). Motif refinement of the peroxisomal targeting signal 1 and evaluation of
taxon-specific differences. J. Mol. Biol. 328, 567–579.
Neufeld, C., Filipp, F.V., Simon, B., Neuhaus, A., Schu¨ller, N., David, C.,
Kooshapur, H., Madl, T., Erdmann, R., and Schliebs, W. (2009). Structural ba-
sis for competitive interactions of Pex14 with the import receptors Pex5 and
Pex19. EMBO J. 28, 745–754.
Neupert, W. (1997). Protein import into mitochondria. Annu. Rev. Biochem. 66,
863–917.
Neupert, W., and Herrmann, J.M. (2007). Translocation of proteins into mito-
chondria. Annu. Rev. Biochem. 76, 723–749.
Nito, K., Hayashi, M., and Nishimura, M. (2002). Direct interaction and determi-
nation of binding domains among peroxisomal import factors in Arabidopsis
thaliana. Plant Cell Physiol 43, 355–366.
Otera, H., Harano, T., Honsho, M., Ghaedi, K., Mukai, S., Tanaka, A., Kawai, A.,
Shimizu, N., and Fujiki, Y. (2000). The mammalian peroxin Pex5pL, the longer1798 Structure 23, October 6, 2015 ª2015 Elsevier Ltd All rights reseisoform of the mobile peroxisome targeting signal (PTS) type 1 transporter,
translocates the Pex7p$PTS2 protein complex into peroxisomes via its initial
docking site, Pex14p. J. Biol. Chem. 275, 21703–21714.
Otera, H., Setoguchi, K., Hamasaki, M., Kumashiro, T., Shimizu, N., and Fujiki,
Y. (2002). Peroxisomal targeting signal receptor Pex5p interacts with cargoes
and import machinery components in a spatiotemporally differentiated
manner: conserved Pex5p WXXXF/Y motifs are critical for matrix protein
import. Mol. Cell. Biol. 22, 1639–1655.
Otzen, M., Wang, D., Lunenborg, M.G., and van der Klei, I.J. (2005). Hansenula
polymorpha Pex20p is an oligomer that binds the peroxisomal targeting signal
2 (PTS2). J. Cell Sci. 118, 3409–3418.
Pan, D., Nakatsu, T., and Kato, H. (2013). Crystal structure of peroxisomal tar-
geting signal-2 bound to its receptor complex Pex7p-Pex21p. Nat. Struct. Mol.
Biol. 20, 987–993.
Panigrahi, R., Adina-Zada, A., Whelan, J., and Vrielink, A. (2013). Ligand recog-
nition by the TPR domain of the import factor Toc64 from Arabidopsis thaliana.
PLoS One 8, e83461.
Panigrahi, R., Whelan, J., and Vrielink, A. (2014). Exploring ligand recognition,
selectivity and dynamics of TPR domains of chloroplast Toc64 and mitochon-
dria Om64 from Arabidopsis thaliana. J. Mol. Recognit. 27, 402–414.
Perry, A.J., Hulett, J.M., Likic, V.A., Lithgow, T., and Gooley, P.R. (2006).
Convergent evolution of receptors for protein import into mitochondria. Curr.
Biol. 16, 221–229.
Petriv, O.I., Tang, L., Titorenko, V.I., and Rachubinski, R.A. (2004). A new defi-
nition for the consensus sequence of the peroxisome targeting signal type 2.
J. Mol. Biol. 341, 119–134.
Pfanner, N., and Geissler, A. (2001). Versatility of the mitochondrial protein
import machinery. Nat. Rev. Mol. Cell Biol. 2, 339–349.
Pires, J.R., Hong, X., Brockmann, C., Volkmer-Engert, R., Schneider-Merge-
ner, J., Oschkinat, H., and Erdmann, R. (2003). The ScPex13p SH3 domain ex-
poses two distinct binding sites for Pex5p and Pex14p. J. Mol. Biol. 326, 1427–
1435.
Powers, T., and Walter, P. (1995). Reciprocal stimulation of GTP hydrolysis by
two directly interacting GTPases. Science 269, 1422–1424.
Purdue, P.E., Yang, X., and Lazarow, P.B. (1998). Pex18p and Pex21p, a novel
pair of related peroxins essential for peroxisomal targeting by the PTS2
pathway. J. Cell Biol. 143, 1859–1869.
Qbadou, S., Becker, T., Mirus, O., Tews, I., Soll, J., and Schleiff, E. (2006). The
molecular chaperone Hsp90 delivers precursor proteins to the chloroplast
import receptor Toc64. EMBO J. 25, 1836–1847.
Qu, Y., Jelicic, B., Pettolino, F., Perry, A., Lo, T.L., Hewitt, V.L., Bantun, F., Beil-
harz, T.H., Peleg, A.Y., Lithgow, T., et al. (2012). Mitochondrial sorting and as-
sembly machinery subunit Sam37 in Candida albicans: insight into the roles of
mitochondria in fitness, cell wall integrity, and virulence. Eukaryot. Cell 11,
532–544.
Rahim, G., Bischof, S., Kessler, F., and Agne, B. (2009). In vivo interaction be-
tween atToc33 and atToc159 GTP-binding domains demonstrated in a plant
split-ubiquitin system. J. Exp. Bot. 60, 257–267.
Rapaport, D., and Neupert, W. (1999). Biogenesis of Tom40, core component
of the TOM complex of mitochondria. J. Cell Biol. 146, 321–332.
Rayapuram, N., and Subramani, S. (2006). The importomer—a peroxisomal
membrane complex involved in protein translocation into the peroxisome ma-
trix. Biochim. Biophys. Acta 1763, 1613–1619.
Richardson, L.G., Jelokhani-Niaraki, M., and Smith, M.D. (2009). The acidic
domains of the Toc159 chloroplast preprotein receptor family are intrinsically
disordered protein domains. BMC Biochem. 10, 35.
Rimmer, K. (2010). Structural Perspectives onMitochondrial Import Across the
Outer Membrane (Department of Biochemistry and Molecular Biology (Univer-
sity of Melbourne)).
Rimmer, K.A., Foo, J.H., Ng, A., Petrie, E.J., Shilling, P.J., Perry, A.J., Mertens,
H.D., Lithgow, T., Mulhern, T.D., and Gooley, P.R. (2011). Recognition of mito-
chondrial targeting sequences by the import receptors Tom20 and Tom22.
J. Mol. Biol. 405, 804–818.rved
Structure
ReviewRuckta¨schel, R., Thoms, S., Sidorovitch, V., Halbach, A., Pechlivanis, M.,
Volkmer, R., Alexandrov, K., Kuhlmann, J., Rottensteiner, H., and Erdmann,
R. (2009). Farnesylation of pex19p is required for its structural integrity and
function in peroxisome biogenesis. J. Biol. Chem. 284, 20885–20896.
Sacksteder, K.A., Jones, J.M., South, S.T., Li, X., Liu, Y., and Gould, S.J.
(2000). PEX19 binds multiple peroxisomal membrane proteins, is predomi-
nantly cytoplasmic, and is required for peroxisome membrane synthesis.
J. Cell Biol. 148, 931–944.
Saitoh, T., Igura, M., Obita, T., Ose, T., Kojima, R., Maenaka, K., Endo, T., and
Kohda, D. (2007). Tom20 recognizes mitochondrial presequences through dy-
namic equilibrium among multiple bound states. EMBO J. 26, 4777–4787.
Saitoh, T., Igura, M., Miyazaki, Y., Ose, T., Maita, N., and Kohda, D. (2011).
Crystallographic snapshots of Tom20-mitochondrial presequence interac-
tions with disulfide-stabilized peptides. Biochemistry 50, 5487–5496.
Sampathkumar, P., Roach, C., Michels, P.A., and Hol, W.G. (2008). Structural
insights into the recognition of peroxisomal targeting signal 1 by Trypanosoma
brucei peroxin 5. J. Mol. Biol. 381, 867–880.
Sa´nchez-Pulido, L., Devos, D., Genevrois, S., Vicente, M., and Valencia, A.
(2003). POTRA: a conserved domain in the FtsQ family and a class of b-barrel
outer membrane proteins. Trends Biochem. Sci. 28, 523–526.
Sato, Y., Shibata, H., Nakatsu, T., Nakano, H., Kashiwayama, Y., Imanaka, T.,
and Kato, H. (2010). Structural basis for docking of peroxisomal membrane
protein carrier Pex19p onto its receptor Pex3p. EMBO J. 29, 4083–4093.
Schleiff, E., and Soll, J. (2000). Travelling of proteins through membranes:
translocation into chloroplasts. Planta 211, 449–456.
Schleiff, E., Soll, J., Ku¨chler, M., Ku¨hlbrandt, W., and Harrer, R. (2003). Char-
acterization of the translocon of the outer envelope of chloroplasts. J. Cell
Biol. 160, 541–551.
Schlu¨ter, A., Fourcade, S., Ripp, R., Mandel, J.L., Poch, O., and Pujol, A.
(2006). The evolutionary origin of peroxisomes: an ER-peroxisome connection.
Mol. Biol. Evol. 23, 838–845.
Schmitt, S., Ahting, U., Eichacker, L., Granvogl, B., Go, N.E., Nargang, F.E.,
Neupert, W., and Nussberger, S. (2005). Role of Tom5 in maintaining the struc-
tural stability of the TOM complex of mitochondria. J. Biol. Chem. 280, 14499–
14506.
Schmidt, F., Treiber, N., Zocher, G., Bjelic, S., Steinmetz, M.O., Kalbacher, H.,
Stehle, T., and Dodt, G. (2010). Insights into peroxisome function from the
structure of PEX3 in complex with a soluble fragment of PEX19. J. Biol.
Chem. 285, 25410–25417.
Schmidt, O., Harbauer, A.B., Rao, S., Eyrich, B., Zahedi, R.P., Stojanovski, D.,
Scho¨nfisch, B., Guiard, B., Sickmann, A., and Pfanner, N. (2011). Regulation of
mitochondrial protein import by cytosolic kinases. Cell 144, 227–239.
Schueller, N., Holton, S.J., Fodor, K., Milewski, M., Konarev, P., Stanley, W.A.,
Wolf, J., Erdmann, R., Schliebs, W., and Song, Y.-H. (2010). The peroxisomal
receptor Pex19p forms a helical mPTS recognition domain. EMBO J. 29,
2491–2500.
Schweiger, R., Soll, J., Jung, K., Heermann, R., and Schwenkert, S. (2013).
Quantification of interaction strengths between chaperones and tetratricopep-
tide repeat domain-containingmembrane proteins. J. Biol. Chem. 288, 30614–
30625.
Seedorf, M., Waegemann, K., and Soll, J. (1995). A constituent of the chloro-
plast import complex represents a new type of GTP-binding protein. Plant J.
7, 401–411.
Shiozawa, K., Maita, N., Tomii, K., Seto, A., Goda, N., Akiyama, Y., Shimizu, T.,
Shirakawa, M., and Hiroaki, H. (2004). Structure of the N-terminal domain of
PEX1 AAA-ATPase characterization of a putative adaptor-binding domain.
J. Biol. Chem. 279, 50060–50068.
Shiozawa, K., Konarev, P.V., Neufeld, C., Wilmanns, M., and Svergun, D.I.
(2009). Solution structure of human Pex5$Pex14$PTS1 protein complexes ob-
tained by small angle X-ray scattering. J. Biol. Chem. 284, 25334–25342.
Simmerman, R.F. (2011). Examining the Roles of PsToc75 POTRA Domains in
Chloroplast Protein Import (University of Tennessee).StructuStanley, W.A., Filipp, F.V., Kursula, P., Schu¨ller, N., Erdmann, R., Schliebs, W.,
Sattler, M., and Wilmanns, M. (2006). Recognition of a functional peroxisome
type 1 target by the dynamic import receptor Pex5p. Mol. Cell 24, 653–663.
Stroud, D.A., Becker, T., Qiu, J., Stojanovski, D., Pfannschmidt, S., Wirth, C.,
Hunte, C., Guiard, B., Meisinger, C., Pfanner, N., et al. (2011). Biogenesis of
mitochondrial b-barrel proteins: the POTRA domain is involved in precursor
release from the SAM complex. Mol. Biol. Cell 22, 2823–2833.
Su, J.R., Takeda, K., Tamura, S., Fujiki, Y., andMiki, K. (2009). Crystal structure
of the conserved N-terminal domain of the peroxisomal matrix protein import
receptor, Pex14p. Proc. Natl. Acad. Sci. USA 106, 417–421.
Subramani, S. (1996). Protein translocation into peroxisomes. J. Biol. Chem.
271, 32483–32486.
Sun, Y.J., Forouhar, F., Li, H.m., Tu, S.L., Yeh, Y.H., Kao, S., Shr, H.L., Chou,
C.C., Chen, C., and Hsiao, C.D. (2001). Crystal structure of pea Toc34, a novel
GTPase of the chloroplast protein translocon. Nat. Struct. Biol. 9, 95–100.
Sveshnikova, N., Grimm, R., Soll, J., and Schleiff, E. (2000). Topology studies
of the chloroplast protein import channel Toc75. Biol. Chem. 381, 687–693.
Tanaka, N., Aoki, K.-i., Ishikura, S., Nagano, M., Imamura, Y., Hara, A., and Na-
kamura, K.T. (2008). Molecular basis for peroxisomal localization of tetrameric
carbonyl reductase. Structure 16, 388–397.
Thornton, N., Stroud, D.A., Milenkovic, D., Guiard, B., Pfanner, N., and Becker,
T. (2010). Two modular forms of the mitochondrial sorting and assembly ma-
chinery are involved in biogenesis of a-helical outer membrane proteins.
J. Mol. Biol. 396, 540–549.
Timmis, J.N., Ayliffe, M.A., Huang, C.Y., and Martin, W. (2004). Endosymbiotic
gene transfer: organelle genomes forge eukaryotic chromosomes. Nat. Rev.
Genet. 5, 123–135.
Ujwal, R., Cascio, D., Colletier, J.-P., Faham, S., Zhang, J., Toro, L., Ping, P.,
and Abramson, J. (2008). The crystal structure of mouse VDAC1 at 2.3 A˚ res-
olution reveals mechanistic insights into metabolite gating. Proc. Natl. Acad.
Sci. USA 105, 17742–17747.
Vastiau, I.M.K., Anthonio, E.A., Brams, M., Brees, C., Young, S.G., Van de
Velde, S., Wanders, R.J.A., Mannaerts, G.P., Baes, M., Van Veldhoven, P.P.,
et al. (2006). Farnesylation of Pex19p is not essential for peroxisome biogen-
esis in yeast and mammalian cells. Cell. Mol. Life Sci. 63, 1686–1699.
Waizenegger, T., Habib, S.J., Lech, M., Mokranjac, D., Paschen, S.A., Hell, K.,
Neupert, W., and Rapaport, D. (2004). Tob38, a novel essential component in
the biogenesis of [beta]-barrel proteins of mitochondria. EMBO Rep. 5,
704–709.
Walton, P.A., Wendland, M., Subramani, S., Rachubinski, R.A., and Welch,
W.J. (1994). Involvement of 70-kD heat-shock proteins in peroxisomal import.
J. Cell Biol. 125, 1037–1046.
Wang, Y., Carrie, C., Giraud, E., Elhafez, D., Narsai, R., Duncan, O., Whelan, J.,
and Murcha, M.W. (2012). Dual location of the mitochondrial preprotein trans-
porters B14.7 and Tim23-2 in complex I and the TIM17:23 complex in Arabi-
dopsis links mitochondrial activity and biogenesis. Plant Cell 24, 2675–2695.
Weis, B.L., Schleiff, E., and Zerges, W. (2013). Protein targeting to subcellular
organelles via MRNA localization. Biochim. Biophys. Acta 1833, 260–273.
Wideman, J.G., Go, N.E., Klein, A., Redmond, E., Lackey, S.W., Tao, T., Kal-
bacher, H., Rapaport, D., Neupert, W., and Nargang, F.E. (2010). Roles of
the Mdm10, Tom7, Mdm12, andMmm1 proteins in the assembly of mitochon-
drial outer membrane proteins in Neurospora crassa. Mol. Biol. Cell 21, 1725–
1736.
Williams, C., van den Berg, M., Geers, E., and Distel, B. (2008). Pex10p func-
tions as an E3 ligase for the Ubc4p-dependent ubiquitination of Pex5p. Bio-
chem. Biophys. Res. Commun. 374, 620–624.
Williams, C., van den Berg, M., Panjikar, S., Stanley, W.A., Distel, B., and Wil-
manns, M. (2011). Insights into ubiquitin-conjugating enzyme/co-activator in-
teractions from the structure of the Pex4p: Pex22p complex. EMBO J. 31,
391–402.
Williams, C., van den Berg, M., Stanley, W.A., Wilmanns, M., and Distel, B.
(2013a). A disulphide bond in the E2 enzyme Pex4p modulates ubiquitin-
conjugating activity. Sci. Rep. 3, 2212.re 23, October 6, 2015 ª2015 Elsevier Ltd All rights reserved 1799
Structure
ReviewWilliams, T.A., Foster, P.G., Cox, C.J., and Embley, T.M. (2013b). An archaeal
origin of eukaryotes supports only two primary domains of life. Nature 504,
231–236.
Woodward, A.W., and Bartel, B. (2005). TheArabidopsis peroxisomal targeting
signal type 2 receptor PEX7 is necessary for peroxisome function and depen-
dent on PEX5. Mol. Biol. Cell 16, 573–583.
Wu, Y., and Sha, B. (2006). Crystal structure of yeastmitochondrial outermem-
brane translocon member Tom70p. Nat. Struct. Mol. Biol. 13, 589–593.
Yamano, K., Yatsukawa, Y.-i., Esaki, M., Hobbs, A.E.A., Jensen, R.E., and
Endo, T. (2008). Tom20 and Tom22 share the common signal recognition
pathway in mitochondrial protein import. J. Biol. Chem. 283, 3799–3807.
Yamano, K., Tanaka-Yamano, S., and Endo, T. (2010). Tom7 regulates
Mdm10-mediated assembly of the mitochondrial import channel protein
Tom40. J. Biol. Chem. 285, 41222–41231.1800 Structure 23, October 6, 2015 ª2015 Elsevier Ltd All rights reseYeh, Y.H., Kesavulu, M.M., Li, H.m., Wu, S.Z., Sun, Y.J., Konozy, E.H., and
Hsiao, C.D. (2007). Dimerization is important for the GTPase activity of chloro-
plast translocon components atToc33 and psToc159. J. Biol. Chem. 282,
13845–13853.
Young, J.C., Hoogenraad, N.J., and Hartl, F.U. (2003). Molecular chaperones
Hsp90 and Hsp70 deliver preproteins to the mitochondrial import receptor
Tom70. Cell 112, 41–50.
Zeth, K. (2010). Structure and evolution of mitochondrial outer membrane pro-
teins of b-barrel topology. Biochim. Biophys. Acta 1797, 1292–1299.
Zhang, J.W., and Lazarow, P.B. (1996). Peb1p (Pas7p) is an intraperoxisomal
receptor for the NH2-terminal, type 2, peroxisomal targeting sequence of thi-
olase: Peb1p itself is targeted to peroxisomes by an NH2-terminal peptide.
J. Cell Biol. 132, 325–334.rved
